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ABSTRACT 
(arene = benzene, mesitylene, hexamethyl-
benzene) reacts with allyltrimethyltin compounds (allyl = 
2-propenyl, 2-methyl-2-propenyl) to form the corresponding 
3 6 RuCl(n -allyl) (n -arene) complexes. Silver tetrafluoroborate 
reacts with RuCl(allyl) (arene) in the presence of a co-
3 6 
ordinating ligand, L, to form [Ru(n -allyl) (n -arene)L]BF4 
complexes {L = CO, P(OMe) 3 , py, MeCN, DMSO, PPh3 ·, t-BuNC, 
acetone }. 
Sodium borohydride reacts with [Ru(n 3-c3H5 ) (n
6
-c6H6 ) (CO)]BF 4 
to form the cyclohexadienyl complex Ru (n 5 -c6H7 ) (n
3
-c3H5 ) (CO) . 
The reaction of NaBH 4 with [Ru(n
3
-c 3H5 ) (n
6
-c6Me 6 )CO]BF 4 forms 
predominantly Ru(n 5-c6Me 6H) (n
3
-c3H5 ) (CO) but also the propene 
6 2 
complex Ru(n -C6Me6) (n -CH2= CHCH3) (CO). 
Potassium cyanide reacts with 
form the cyanocyclohexadienyl 
The major product from the reaction of 
[Ru(n 3-c3H5 ) (n
6
-c6Me 6 )CO]BF 4 with KCN is the substituted 
metallocyclobutane complex Ru { CH 2 CH (CN) CH 2 } (n
6
-c6Me 6 ) (CO) . 
Sodium methoxide reacts with [Ru( n 3-c3H5 ) (n
6
-arene) CO]BF 4 
(arene = benzene, hexamethylbenzene) to form the m~thoxycarbonyl 
3 6 
complexes Ru(n -c3H5 ) (co2Me) (n -arene). These methoxycarbonyl 
complexes rearrange in solution, in the absence of excess 
sodium methoxide, to form the isomeric allylmethylether 
6 2 
complexes, Ru (n -arene) (n -cH 2=CHCH 20Me)(CO) . In the absence 
3 6 
of protic solvents [Ru( n -c3H5 ) (n -c6Me 6 )CO]BF 4 reacts with 
NaOMe or NaNMe 2 to form the pentamethylbenzyl complex 
5 3 Ru(n -C6Me5CH2) (n -C3H5) (CO). 
Sodium dimethylmalonate reacts with [Ru(n 3-c3H5 ) (n
6
-arene)CO]BF 4 
to form exclusively the arene ruthenium (0) complexes 
6 2 Ru (n -arene) f n -CH 2=CHCH 2CH (C02Me) 2 } (CO) . 
6 [RuC1 2 (n -arene)J 2 (arene = benzene, mesitylene, hexamethyl-
benzene) reacts with sodium or thallium acetylacetonate to 
form RuCl(acac) (n 6 -arene) complexes in which acac adopts its 
usual monoanionic bidentate bonding mode. Thallium 
acetylacetonate reacts with RuCl(acac) (arene) to form 
6 Ru ( acac) 2 (n -arene) complexes. Spectroscopic evidence 
suggests that in the Ru(acac) 2 (arene) complexes the second 
acac ligand is attached through one oxygen atom when the 
arene is mesi tylene and hexamethylbenzeine and through the 
Y-carbon atom in the case of the benzene complex. 
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CHAPTER 1 
NUCLEOPHILIC ADDITION TO CATIONIC POLYENE TRANSITION 
METAL COMPLEXES 
1.1 Introduction 
Unsaturated hydrocarbons such as alkenes or arenes 
do not undergo nucleophilic attack unless they contain 
electron-withdrawing groups. 1 Attack by a negatively charged 
nucleophile generates a very unstable carbanion which readily 
eliminates an anion to form a neutral compound. The stability 
of the eliminated anion to some extent governs the susceptibility 
of polyenes to nucleophilic substitution. 
The origins of the activation of coordinated polyenes 
to nucleophilic attack are uncertain (see Section 1.4). The 
common reaction of cationic polyene transition metal complexes 
with nucleophi.les . is addition. Complexes containing TI-bonded 
halogenoarenes often readily undergo nucleophilic substitution 
of the halide ion, 2 e.g. (Eqn 1.1). 
Fe Fe+ + 
(Eqn 1.1) 
Nucleophilic addition to polyene metal complexes results from 
a combination of two effects; the stability of the addition 
2. 
product (relative to addition to the free organic molecule) 
and the absence of a good leaving group. 
The first example of nucleophilic addition to a 
polyene transition metal complex was identified in 1957 3 , 
as a result of a re-examination of a reaction reported in 
4 19 0 8 ( E qn 1 . 2 ) . The product of this reaction incorporated a 
35° 
K2Ptcl4 + dicyclopentadiene > 10 days 
methanol 
{Pd: c 11 H 15 OCl }2 
( Eqn. 1. 2) 
methoxy group from the solvent. The methoxy group was not 
readily replaced by other anions such as iodide, thiocyanate 
and ethylsulphide, suggesting that it had added to the 
coordinated diene rather than to the platinum atom. Exchange 
of the other anions for the methoxy group would have been 
expected if the methoxy group was bonded to the platinum atom. 
1 d . . 5 f' d An x-ray crysta structure eterm1nat1on con 1rme 
that the methoxide ion had added to a C=C bond on each of 
the two dicyclopentadiene ligands of the dimeric product. (Fig.1.1). 
OMe 
Fig 1.1 
The first example of nucleophilic addition to a 
cationic transition metal polyene complex was the reaction 
3 . 
of sodium borohydride with cobalticenium chloride (Eqn 1.3), 
in which the hydride ion added to a cyclopentadienyl ligand 
to form cyclopentadienylcyclopentadiene cobalt6 . 
Co Eqn 1.3 
Since that time a large number of nucleophilic 
additions to cationic transition metal polyene complexes have 
7-9 been reported and three reviews have appeared on this 
subject. In their extensive survey of the literature, Mingos, 
Green and Davies formulated a set of rules to predict the 
regioselectivity of nucleophilic addition to polyene ligands 
bonded to transition metals (see Section 1.4) 7 . 
1.2 Site of Nucleophilic Attack 
Nucleophilic attack on a T.M. polyene complex may 
occur at any of three sites : (i) polyene ligand (ii) metal 
centre (iii) coordinated CO, if ~resent. The site of 
attack depends on the nucleophile, on the metal atom, and on 
its supporting ligands. 
A Polyene 
(i) Regioselectivity between polyene moieties 
If there are two non-conjugated n -bonded, inequivalent 
4 • 
ligands then the potential exists for nucleophilic attack on 
a specific polyene ligand. Such an example of exclusive 
attack at one polyene ligand is the reaction of 
cyclopentadienylbenzeneiron tetrafluoroborate with sodium 
borohydride to form cyclohexadienylcyclopentadienyliron (Eqn 1.4) 10 . 
H 
H 
Fe (!) {_Eqn 1. 4 )_ 
These two moieties may be part of the same ligand. 
The reaction of methoxide ion with { Pt:Cl.2. (dicyclopentadiene)} , 
(Eqn 1.2) is an example of this case 3 . In this complex, the 
two double bonds are inequivalent and addition occurs 
5 
exclusively to one of these C=C bonds (See Fig 1.1) . 
(2} Regioselectivity within a single polyene moiety 
In most of their transition metal complexes, the 
unsubstituted "aromatic" ligands cyclobutadiene, cyclopentadienyl, 
benzene and are symmetrically bonded,, through 
all of their ring carbon atoms to the metal centre; thus 
maintaining a delocalization of charge about the ring. As a 
result, all of the carbon atoms of the ligand are equivalent 
and the same product results from addition of a nucleophile to 
any carbon atom in this ring. 
In n -bonded acyclic lig ands (e. q . 1-4 n-butadiene) or 
n-bonded cyclic ligands which are partially saturate~ 
(e.~. 1-4 n-cyclobutadiene or 1-5 n-cyclohe~ta~ieny l), the 
carbon atoms are inequivalent. For e xample, addition may 
5. 
occur at the 1 or 2 site of 1-4 n -butadiene and 
1-4 n -cyclOhQf1:a diene ligands or at the 1, 2 or 3 site o f a 
1-5 n -cycloheptadienyl ligand (Fig 1. 1 ) 
1 1 Fig 1.2 
M M 
Nucleophilic addition to ene ligands occurs at the 
terminal carbon of the unsaturated ligand7 , e.g. at position 1 
in 1-3- cycloheptadiene ligand (Fig 1.2). However, the site 
of nucleophilic attack on an enyl ligand varies as a result of 
changes in i the coordination sphere of the metal 11 the 
metal atom iii the n.ucleophile (Scheme 1.1) 11112 . 
(3) Substituent effects 
The presence of substituent groups on the polyene ligand 
L=CO; R=H,CN,cp 
L=PPh 3 ; R=H,CN 
L=CO, R=H,CN,cp 
6 • 
M=Fe; R=H M=Os R=H CN , I I 
M=Os; R=OH,OR,SR 
(.Scheme 1.1) 
usually depresses attack at the carbon bearing the substituent 
9 group. An exception to this rule is presumed to be 
nucleophilic attack on halobenzene complexes, which leads 
ultimately to ipso-substitution (Eqn 1.1) 2 . 
Addition to polymethylbenzene ligands occurs 
d . tl ub . d . . 13 pre ominan y at uns stitute positions . For example in 
the reaction of sodium borohydride with 
pentamethylcyclopentadienylpentamethylbenzene iridium 
hexafluorophosphate hydride addition occurs exclusively at the 
unsubstituted carbon atom of the benzene ligand (Eqn l.5) 13a. 
1111111 
7 • 
Me 
~ H 
H Me Me NaBH4 11'2 Me r+ 
~Me 
Me Me Me Me 
~ Me 
Eqn 1.5 
This selectivity may be explained by steric considerations 
or alternatively by the inductive effect of the methyl group. 
- · 5 6 Whereas the hexamethylbenzene complex {Fe(n -c5H5 ) (n -c6Me 6 )}BF 4 
reacts with sodium borohydride to form exclusively a 
cyclohexadienyl complex10 the corresponding reaction with 
methyllithium generates exclusively a methylcyclopentadiene 
14 
complex (Eqn 1.6) . The exclusive attack of the larger 
nucleophile,-Me, at another polyene ligand may indicate that 
steric effects are dominating here9 . 
(Eqn 1. 6) 
Although there is some directing effect of electron-
withdrawing and releasing subs ti tuents of "aroma tic" ligands 
in nucleophilic addition to cationic substituted benzene and 
cycloheptatrienyl transition metal complexes, it is in most 
cases observed to be small and in some cases no specificity 
. 9 is observed. Electron-withdrawing substituents such as 
8 • 
chlorine and alkoxycarbonyl direct attack preferentially at 
the 1-position whereas the electron-releasing methoxy group 
activates the 2-position (Eqn 1.7) 15 . 
H 
H 
Cr Cr Eqn 1. 7 
(4) Stereoselectivity 
The coordinated carbon atoms of n -bonded polyenes are 
coplanar. The incoming nucleophile attacks the ligand exo 
or endo to this plane (Fig 1.3) 
GJ 
M 
,--exo 
'-endo 
Fig 1.3 
1111111 
9 • 
The question of exo or endo attack has been apparent 
since the first report of nucleophilic addition of methoxide 
ion to Ptc12 (dicyclopentadiene)
3
. It was tentatively proposed 
that addition had occurred exo to the metal and this was 
subsequently verified by an x-ray crystal structure 
d . . 5 etermination. A number of crystal structure determinations 
16-18 
verifying exo attack have been performed . Where 
crystal structure determinations have not been carried out the 
products resulting from additions to coordinated cyclopentadienyl, 
benzene and cycloheptatrienyl ligands have often been 
characterised, in terms of exo- or endo- attack, by infrared 
1 
and H N.M.R. spectroscopy. ( see Appendix) . 
Exo attack is by far the most common form of 
nucleophilic attack and few examples of endo attack have been 
reported. Interestingly there is one example where a 
nucleophile first attacks a carbon monoxide ligand and then 
rearranged to give exclusively the exo addition product to a 
cyclohexadienyl ring (Eqn 1.8) 28 . 
OMe benzene or 
hexane 
Os 
Eqn 1.8 
10. 
f d 1 . 10 The two most avoure exp anations for the almost 
exclusive attack of nucleophiles exo- to the metal atom are: 
(i) that endo- attack is less favourable sterically, 
(ii) localisation of the electron density associated with the 
n-electron system of the coordinated polyene between the metal 
atom and this ligand renders the endo- less susceptible than 
the exo side to nucleophilic attack. 
In those cases where endo attack has been observed exo 
attack occurs also. 29 An extensive study of the reaction of 
methanol with the cationic cyclohexadienyl iron tricarbonyl 
5 + 
complex, { Fe (n -c6H7 ) ( CO) 3} , to produce the exo- and endo-
methoxy cyclohexadiene complexes, Fe (n_4-c6H7o~) ( CO) 3 , has 
revealed some interesting features. 
The kinetically favoured product is the exo species 
which subsequently rearranges to give an equilibrium mixture 
of exo and endo complexes with the latter predominating. On 
isolating the redissolving Fe(exo~ 4-c6H70Me) (C0) 3 in methanol 
no isomerization is observed however. Protonation of the 
4 
exo- and endo- Fe(n -c6H70Me) (C0) 3 complexes regenerates 
5 + {Fe(n -c6H7 ) (C0) 3} and methanol. These studies showed that 
protonation and loss of meth~nol occurs much faster for the 
exo than the endo isomer. It appears likely that exo attack 
is preferred and that the build-up of the endo- isomer occurs 
due to the relative instability of the exo species under the 
reaction conditions (Scheme 1.2); i.e. that 
4 Fe(exo-n c6H70Me) (C0) 3 
+ 
+ MeOH 2 
11. 
+ 
methanol~ 
''"'k:1 ~ k~ 
(Scheme 1. 2) 
4 Fe (endo-n c6H70Me) (CO) 3 
+ 
+ MeOH 2 
Thus the distribution of products can be adequately explained 
by the relative rates of the forward (k ) and backward (k_a) 
a 
reaction steps of both isomers (where a = 1 or 2) ; 
. K > K ( h kl d k2_) i . e . 2 1 w ere K 1 = k_ 1 an K 2 = k_ 2 • 
B CARBON MONOXIDE AND METAL 
Nucleophilic attack at coordinated carbon monoxide in 
polyene transition metal complexes has only been observed where 
the only polyene present is either a cyclopentadienyl or arene 
ligand (e.g. Eqn 1.9) 30 • These "aromatic" ligands have been 
shown, through extensive investigations, to have a low 
susceptibility to nucleophilic attack relative to other 
7 
coordinated polyenes . 
-OMe 
> 
5 
Ru (n -CSHS) ( CO2 Me) ( CO) 2 
(Eqn 1. 9) 
This behaviour is most often observed with alkoxides 
(alcohols) and amides (amines) as nucleophiles the products 
being alkoxycarbonyl and carbamoyl complexes respectively. 
The only reported alkoxycarbonyl and carbamoyl complexes 
12. 
containing polyene ligands formed by the above method are those 
h h 1 1 t . 5 1 . were t eon y po yene presen is n -cyc opentadienyl ~r 
6 
n-benzene. There are no reports of isolable complexes 
resulting from amine addition to these "aromatic" ligands and 
there are only two examples of alkoxide addition to either 
polyene. 
The only isolable 6-alkoxycyclohexadienyl complexes 
are cationic presumably because methoxide ion is less readily 
lost from a cation 31 e.g. Eqn 1.10. 
OMe> · {Ir(n 5-c5Me4Et) (n 5-c6H60Me)}+ 
Eqn 1.10 
The only polyene carbonyl transition metal complexes 
reported to undergo nucleophilic attack by hydride or alkanides 
at the carbonyl ligands, to produce formyl and acyl complexes, 
are those where the polyene is cyclopentadienyl or 
hexamethylbenzene. 
The example of addition of various nucleophiles to the 
6 hexamethylbenzene complex {M1(n -c6Me 6 ) (C0) 3 ) } BF 4 indicates that 
steric factors may be responsible for the distribution of 
25 products (Scheme 1.3) . As the size of the nucleophile 
de creases so does the percentage of products resulting from 
attack at the qarbonyl relative to the ~polyen_e:.. ligand. The 
Me Me 
Mn 
/~ 
CO CO COR 
R - H 17% 
Me trace 
Ph 4% 
13. 
M (Scheme 1.3) 
Me Me 
Me Me 
e 
Mn Mri 
/I~ 
CO CO CH3 
8% 
33% 
-
47% 
effect of an increase in the size of the nucleophile suppressing 
attack on a hexamethylbenzene ligand is also observed in the 
reaction of {Fe(n 5-c5H5 ) (n
6
-c6Me 6 ) }BF 4 with hydride and 
alkanide nucleophiles (see Section 1.2A) 
The reactivity of the hydride reagent can influence 
the site of nucleophilic attack on transition metal polyene 
14. 
complexes. Sodi urn borohydride reacts with { Fe (n 5 -c5H5 ) ( CO) 3} + 
to give the hydride 5 32 complex Fe(n -c5H5 ) (H) (C0) 2 , whereas the 
milder reagent sodium cyanoborohydride reacts with the cationic 
iron complex to give only the cyclopentadiene complex 
4 22 Fe (n - CS H 6 ) ( co) 3 • 
4 A study of the decomposition of Fe(n -c5H6 ) (C0) 3 
revealed that Fe (n 5 -c5H5 ) (H) ( CO) 2 is not formed from the 
22 
cyclopentadien~ complex . The iron hydride complex could 
arise by direct hydride attack at the metal atom but it is 
more likely to arise via an intermediate forrnyl complex formed 
by nucleophilic attack on a carbonyl ligand (Eqn 1.11). The 
formyl complex could then lose carbon monoxide to give 
5 Fe (n -c5 H5 ) (H)_ (CO) 2 a mode of decomposition well established 
for forrnyl complexes. 
fe+ 
(co) 
3 
33 
-co 
Eqn 1.11 
Fe 
/1\ 
CO CO CHO 
The nucleophilicity of the hydride reagents has 
been observed to limit nucleophilic addition to neutral 
transition metal carbonyl complexes. While lithium 
triethylborohydride adds one hydride ion to each of two 
separate carbonyl ligands of {Re( n 5-c5H5 ) (Co) 2 (NO) } + milder 
hydride reagents such as sodium borohydride and potassium 
15. 
triisopropoxyborohydride add only one hydride ion to one 
b 1 1 . d (Scheme 1.4) 34135 . car ony igan None of the hydride 
Q 
Re+ 
N{ I ?a 
{,) Re-
Re / \"' N6 I ~O NO CHO 
CO CHO 
Scheme 1.4 
~ 3 .THF 
9 
Re 
N{ 
co 
reagents studied showed any tendency to add to the 
cyclopentadienyl ligand of {Re(n 5-c5H5 J (C0) 2 (NO) }+. 
The reaction of sodium borohydride with 
5 + Re( n -c5H5 ) (C0) 2 (NO) generates BH 3 as a byproduct which 
. 5 
in tetrahydrofuran/water reacts with Ru(n -c5H5 ) (CHO) (CO) (NO) 
5 35b 
to form the methyl complex Re(n -c5H5 ) (CH 3) (CO) (NO) . 
16. 
Two conclusive examples of initial hydride attack on 
the metal atom of a coordinatively saturated polyen~ transition 
36 37 
metal complex have been reported ' . Reaction of lithium 
aluminium hydride with We(n 5-c5H5 ) (tripod)}+ generates the 
hydride complex Fe(n 5-~5H5 ) (H) (tripod) (Eqn 1.12). The 
Eqn 1.12 
reaction proceeds by dissociation of a tertiary phosphine ligand 
prior to hydride attack at the metal atom. This may suggest 
that a labile ligand is always required for direct hydride 
attack to occur at the metal atom of coordinatively saturated 
polyene transition metal complexes. 
The reaction pathway for the formation of the tungsten 
5 4 hydride complex W(n -c5H 5 ) (H) (n -c6H 8) (CO)_ is far less clear 
17. 
as it involved the addition of three h¥drogens to 
39 However, it was reported , 
very recently, that on allowing the cationic benzene manganese 
6 + 
complex {Mn(n -c6H6 ) (CO) 3} to react with an excess of either 
lithium triethylborohydride or potassium triisopropoxyborohydride 
two hydride ions were added to the benzene ring to form an 
anionic cyclohexadiene complex (Eqn 1.13). In a similar 
H H 
Eqn 1.13 
n 
(co)
3 
5 6 + 
manner addition of two hydride ions to {W(n -c5H5 ) (n -c6H6 )co} 
could generate the anionic diene complex {W( n5-c5H5 ) (n
4
~c6H8)co}-
which could be subsequently protonated by the aqueous solvent 
to give (Eqn 1. 14) . 
H 
(Eqn 1.14) 
18. 
Halide ions almost invariably add to the metal atom 7 on 
reaction with cationic polyene transition metal complexes and 
this usually causes a displacement of a ligand (e.g. Eqn 1.15). 
I ) (Eqn 1.15) 
This reaction probably results from the reversibility of 
the iodide additon to the cyclohexadienyl ligand as halide ions 
are such good leaving groups. 
40 · 1 There is one preliminary report , based on H N.M.R. 
spectral evidence, of the addition of iodide to coordinated 
ethylene (Eqn 1.16). 
\ (Eqn 1.16) 
C~anide ion has been reported to add reversibly to 
d . d 7,41 coor 1nate arenes . Reaction occurs between cyanide ion 
6 + 0 
and { Mn (n -c6H6 ) (CO) 3 } at ca -20 C to form a cyanocyclohexadienyl 
complex which is unstable above o0 c rearranging to form 
6 41 Mn (CN) (n -C6H6) (CO) 2 (Eqn 1.17) . 
-20°c 
.... 
CN 
CN >o 0 c 
... 
Eqn 1.17 
91 
Fe+ 
19. 
1.3 Nucleophilicity versus Basicity 
Coordination of a polyene to a transition metal enhances 
the acidity of protons at an a-carbon substituent. (e.g.1.18) 42 . 
' { 5 ~ [n -c5 (CD3)~5 ] 2 (~D) 1}cl 
(Egn 1. 18) 
Abstraction of a proton from an a-carbon substituent 
has been demonstrated for some alkyl substituted arene transition 
metal complexes. All of these complexes which have been 
isolated from these reactions contain bulky substituents at or 
43 44 
about the deprotonated substituent group ' . For example 
the sterically hindered catonic hexamethylbenzene complex 
5 6 + {Fe(n -c5H5 ) (n -c6Me 6 )} loses a proton to form a 
5 44 pentamethyl-n -benzyl complex (Egn 1.19) . 
~ 
tBuOK Fe CX 2 Fe+ 
.. Me .. 
Me Me 
Me CH 2cx; 
Eg~ 1.19 
1\/\e 
Me Me Me Me 
Me Me 
Proton abstraction from an a-carbon substituent of the 
less sterically crowded arene in {Fe(n 6-mesitylene~} 2+ forms 
an isolable product which is proposed to result from attack 
45 
of a deprotonated species on the precursor complex (Scheme 1.5) 
fi ------------------------.,.-
20. 
6 . ) }2+ {Fe(n -mes1tylene 2 (I) 
Me · 
Fe+ 
Me 
Me Me B2 - CN· , CH 2 No 2 
Me Me 
' ~ 
Me -
Me 
Fe2+ 
Me'©Me 
Fe+ Me 
e 
(Scheme 1. 5) 
Me 
Me 
21. 
The electrophilicity of these deprotonated complexes has 
5 5 been demonstrated by the reactions of Fe(n -c 6Me 5cH 2 )(n ~c5H5 ) with 
electrophiles (Eqn 1.19). 
In their reaction with {Fe(n 6-mesitylene) 2 J2+stabilized 
carbanions function as nucleophiles while 0- and N- donors function 
as bases (Scheme 1.5) 45 . 
The acidity of the a-carbon hydrogen atoms of catonic 
eny l transition metal complexes is evidenced by the reaction of 
. 5 + the heptamethylcyclohexadienyl complex {Fe(n-C6Me 7 ) (C0) 3 } with 
a mild base (Eqn 1.20) 23 . 
M 
Me 
Me 
Abstraction of two protons from 
Eqn 1. 2 0 
a -carbon substituents 
of a coordinated arene is observed in the reaction of 
Ru(N0 3 ) ( n
6
-c6Me 6 )L2 with potassium t-butoxide, which gives 
an o-xylylene complex (Eqn 1.21) 46 . Evidence for a sequential 
proton abstraction reaction has been obtained from a study of 
3 the reverse reaction (Eqn 1.22), which forms a pentamethyl-n -benzyl 
complex. Me Me 
M 
Me Me 
Ru+ 
._/ J~J 
L 
tBuOK 
L3 
Me 
L =dppe 
PMe2 Ph 
Eqn 1.21 
22. 
Me Me 
Me Me 
:\Me 
Ru 
Eqn .1.22 
Although the base reaction with a cationic polyene 
transition metal complex is generally re garded as distinct 
from nucleophilic additions it could also result from addition 
-
of the nucleophile, R, with subsequent elimination of the 
protonated molecule RH. 
47 There is one such example of nucleophilic attack of 
methoxide ion on a cationic dienyl system to give an adduct 
which eliminates methanol (Eqn 1.23). 
-MeOH 
Fe Fe 
Eqn 1. 2 3 
1,4 Rules for the Prediction of the Site of Nucleophilic 
Attack on Polyene Transition .Metal Complexes 
Mingos, - Green and Davies recently reported7 a set of 
rules for predicting the regiospecificity of nucleophilic 
attack on 18 electron polyene transition metal cations. 
23. 
The rules apply only to specificity of attack at ene and 
enyl moieties and do not predict or consider attack wh-ich 
occurs at the metal or a carbon monoxide ligand; i.e. they 
apply only to sites considered in section l.lA. It is 
emphasised by the authors that these rules only predict 
the kinetically favoured product in such reactions. 
The rules depend upon the separate classification of 
the coordinated polyene as ene or enyl, (ie. odd or even 
according to their hapto (n) number) and as "aromatic" or 
"non-aromatic". The latter classification makes the distinction 
between ligands where all the carbon atoms are identical 
(ie aromatic un- or per- substituted ligands) and those 
where the relative charge on each carbon varies within the 
unsaturated moiety (see Section l.lA). These rules attempt 
to predict the relative charge on various carbon atoms of 
polyene ligands about the metal atom. 
There are three basic rules which are applied sequentially: 
Rule 1: Nucleophilic attack occurs preferentially at even 
polyenes. 
Rule 2: Nucleophilic addition to open ("non-aromatic") 
coordinated polyenes is preferred to addition to 
closed ("aromatic") polyenes. 
Rule 3: For even open polyenes nucleophilic attack at the 
terminal carbon is always preferred, for odd open 
polyenes (enyls) attack at the terminal carbon atom 
* 
occurs only + *. l'f ML l . hd . is a strong e ectron wit rawing 
n 
group. 
+ 
where ML represents the metal and other ligands about 
n 
it excluding the polyene under consideration 
24. 
These rules have been constructed in an attempt to 
e xplain the results of nucleophilic addition to c a tionic 
polyene transition metal complexes and, in general, this 
they do well. 
In constructing these rules it is assumed that nucleophilic 
attack on polyene transition metal complexes occurs at the 
most positively charged polyene carbon atom(s). An attempt is 
made to determine which carbon atom of these polyene ligands 
is the most positively charged. 
These rules attempt to quantify the withdrawal of 
electron density from the polyene ligand to the positively 
charged metal centre using first-order perturbation theory. 
Qualitatively the distinction between odd and even 
polyenes is related to the different electron occupations of 
the highest occupied molecular orbitals (h.o.m.o.'s) of 
the uncoordinated polyenes. Thus a consideration of these 
polyenes as neutral makes the distinction between the doub ly 
occupied h.o.m.o. of the even polyene and the singly occupied 
h.o.rn.o. of the odd polyene (Fig 1.4). 
11 
II 
11 
n = 2 3 L. 5 6 Fig 1.4 
'. Energies and nodal characteristics of pol~ ene homo ·s. 
25. 
On interaction with the metal the other electron 1n 
t he h.o.m.o. of an odd coordinated polyene can be seen as 
originating from the metal. A consideration of the interaction 
between the uncoordinated polyene and the appropriate metal 
orbital can be seen in Fig 1.5 as the energy of the metal 
orbital is varied. 
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- Interaction diagrams for polyene homo (fr°) and metal acceptor orbi tal (I/Imo) . 
The extremes of charge (Q) on the polye ne range from 
O ~ + 2.0 for an even polyene and -1.0 ---4 + 1.0 for an 
odd polyene. This argument forms the basis of rule 1. 
26. 
The quantitative treatment considered above for odd 
and even polyenes was not extended to "aromatic" polyenes. 
Rather it is considered that as delocalisation occurs e venly 
about these polyenes the positive charge will be more 
diffuse and therefore the susceptibility of such ligands to 
nucleophilic attack is diminished relative to "non-aromatic" 
polyenes . 
Consideration of the localisation of charge on 
carbon atoms within the polyene indicates that attack at 
the terminal carbon atoms of the polyene is always preferred. 
In the case of an odd polyene where ML+ is a strong 
n 
electron-withdrawing group (Q = + 1) preferential attack 
is predicted to occur on the terminal carbon atoms but where 
ML+ is a weak electron-withdrawing group (Q 
n 
attack at internal carbon atoms is preferred. 
1) then 
If one accepts the validity of the assumption that 
the relative charge on polyene carbons determines the site 
of nucleophilic attack then the requirement that Rule 1 
and Rule 2 must be applied sequentially seems the least 
satisfactory aspect . ot t.'"'~ r u.\.e s . 
The above sequence implies that odd "non-aromatic" 
polyene (enyl) ligands are always less susceptible to 
nucleophilic attack than even "aromatic" ligands such as 
benzene. Rules 1 and 2 need only to be applied sequentially 
when these are the only polyene ligands present. Consider 
the reaction of nucleophiles with the complex 
( Eqn 1. 2 4) 
27. 
/ 
- - -
H I Nu Nu 
M ~ ~ V\ h{f\L •/M L_ L. ~ L 
Nu 
Eqn 1.24 
Very few examples of reactions of nucleophiles with 
polyene T.M. complexes, containing an arene and a "non-aromatic" 
enyl ligand as . the only polyenes, have been reported. The 
following reactions are the only such examples. 
. · { ( 6 J 2+ . . The reactions of Run -c6H6 ~ with two equivalents 
of hydride reagents generate predominantly the cyclohexadiene 
complex Ru(n 
product Ru(n 
6 4 
-C6H6 ) (n -c6H8 ) rather than the cyclohexadienyl 
5 
-C6H7) 2 predicted by a sequential application 
of rules 1 and 2 48 . However the reactions of phenyl lithium 
{ 6 } 2+ { 6 . }2+ with Ru( n -c6H6 ) 2 and Fe(n -mesitylene) 2 do generate 
48 49 
solely the predicted bis cyclohexadienyl complexes. ' 
Reaction of nucleophiles with the cationic benzene 
{ 3 6 ) " + molybdenum allyl complex Mo(n -allyl) (n -c6H6 ) (dppe I 
produces only cyclohexadienyl complexes resulting from 
exclusive addition to the benzene ligand (Eqn 1.25) . 50 
-R 
Eqn 1. 25. n R = H, CN, Bu 
2 8. 
However this molybdenum cationic complex contains 
electron-donating tertiary phosphines which presumablY-
reduce the susceptibility of the complex to nucleophilic 
attack and presumably places greater emphasis on factors 
associated with rule l with little electrophilicity associ-
ated with the allyl carbons. The presence of electron-
withdrawing ligands such as carbon monoxide has been seen 
to influence the site of nucleophilic attack, relative to 
electron-donating ligands, in analogous complexes (Scheme 1.1) 
Chapter three of this thesis considers the products 
resulting from nucleophilic addition to the cationic arene 
3 6 + 
allyl ruthenium complexes {Ru(n -allyl) (n -C6HnMe 6 _n)L} 
(where L = CO, P(OMe) 3 ; n = 0 or 6) in relation to these 
rules. 
Of the deviations from these rules perhaps the most 
significant example is the addition to the cycloheptadienyl 
l-4n-cyclohexadiene iron cation (Eqn 1.26) 51 , since 
according to rule l addition should occur at the diene 
ligand. The authors of the rules do not consider this 
example a deviation from these rules as rearrangement is 
observed for some of the products of nucleophilic addition 
However the likelihood of 
a nucleophile such as acetylacetonate rearranging from a 
product derived from initial attack at the metal or the 
cyclohexadiene ligand seems remote. 
The addition of hydride and cyanide ions occurs initially 
at the 3-posi tion of the dienyl moiety leading to 
l-4n-cycloheptadiene complexes. This has been interpreted 
29. 
R 
(R=H,CN) 
Fe+ 
e 
\ 
co 
\ 
co 
( R=acac,Me) R Eqn 1.26 
I 
Fe 
\ 
co 
as a trans effect resulting from an activation o f the 
3-position by the carbonyl ligand trans to it. There . lS 
a precedent . for the activation of the I-position relative 
to the 2-position of a coordinated polyene towards 
nucleophilic attack when the ligand trans to the 3-position 
is changed from a strong a -donor to a strong n-acceptor; 
consider the products resulting from the addition of 
hydride and cyanide ions to · {Fe(n5-cjl9) (CO) 2L}+(where L = CO, PPh3). 
(See Scheme l.l)llb 
The triphenylphosphine ligand in the complex 
Fe (n 5-c7H9 ) (C0) 2 (PPh 3 ) has been assigned trans to the 
3-position of the dienyl ligand. 1lb It is suggested that 
as a consequence of the symmetry of the molecular orbitals, 
deactivation of 1-position will accompany that of the 3-position. 
'Ihe localisation of charge through trans effects may be 
a necessary empirical modification to the Mingos, Green Davies 
r ules. 
30. 
These rules were constructed in an attempt to dete r mine 
the relative positive charge on each carbon atom of coordinated 
polyenes. Other authors 52 have suggested that the relative 
free valency of the coordinated carbon atoms determines the 
s ite of nucleophilic attack. 
The correlation of the site of nucleophilic attack on 
polyene transition metal complexes with electron density, 
overall charge and free valency of carbon atoms of the polyene 
ligands has been investigated for the cyclohexadienyl complex 
5 + 52 {Fe(n -c6H7 ) (CO) 3 } - • A crystal structure of the related 
methoxycyclohexadienyl complex {Fe(n 5-c6H6 0Me) (CO) 3 }+ provided 
t he required bond lengths for calculations to be made to 
determine bond order and charge distribution within the 
cyclohexadienyl moiety. This study found that the site of 
nucleophilic attack correlated with that site predicted by 
f ree valency considerations. 
Further doubt about the validity of considering-
nucleophilic addition to polyene transition metal cations in 
te rms of electron density or overall charge is apparent from 
t h . 11 . . d . 5 3 eoretica y more rigorous cons1 erations. 
The electrophilic reactivity of ethylene, free or 
complexed, toward an approaching external base resides 
* fundamentally in the TI orbital of the olefin. It is clear 
from Fig 1.6 that the orbital of the complex which is mostly 
* * olefin n , the anti-bonding TI -Ab 2 combination, is both at 
higher energy and less localised on the ethylene in the comp lex. 
Thus by the perturbation theoretical criterion, the reactivity 
of the coordinated olefin should be decreased. 
' 
' 
' 
' 
I 
MLn 
31. 
* 1T 
1T 
.. Nu : 
Fig 1.6 
It is proposed53 that activation results from a 
geometrical deformation of the olefin bond. This is envisaged 
as resulting from a displacement of the metal atom from 
the centre of the olefin bond by a distance, 11 (Fig 1. 7.) 
I \ J \ 
' ' 
\ 
' ' I ' # \ .. # 
.. • I .. I I \ I : ~ I \ .-
MLn 
J 
MLn 
Fig 1.7 
Theoretical calculations on model compounds support the 
view that as~ increases so does the susceptibility of 
the olefin to nucleophilic attack. 
Whatever the real driving force of nucleophilic 
addition to coordinated polyenes, the usefulness of the 
Mingos, Green, Davies rules still remains. 
I 
I 
I 
~ 
ML0 
Chapter 2 
PREPARATION OF ARENE RUTHENIUM ALLYL C01,1PLEXES 
2.1 Introduction 
The literature contains two distinct methods for the 
preparation of the n-allylchlorobenzeneruthenium complex 
3 6 RuCl(n -allyl) (n -c6H6 ) from the dichlorobenzeneruthenium 
dimer {RuC1 2 (n
6
-c6H6 )}2 Both preparative methods result in 
good yields of the products. 
54 
The first reported method used tetraallyltiri reagents 
as the source of the allyl group (Eqn 2.1.). The variety of 
allyl groups that can be added to the arene ruthenium moiety 
excess Sn(2-propenyl) 4 
> 
---> 
lh 
R.T. 
CH 3CN 
(Eqn 2 .1) 
by this method appears limited. For example, the attempt to add 
a 2-methyl-2-propenyl group, using tetrakis(2-methyl-2-propenyl)tin 
under similar conditions to Eqn 2.1 was unsuccessful. 
The other reported preparation55 of RuCl(n 3-allyl) (n6-c6H6 ) 
complexes uses allylmercurychloride reagents (Eqn 2.2). This 
3 6 
method enables a wider variety of RuCl(n -allyl) (n -c6H6 ) 
complexes to be prepared. 
allylHgCl 
---;> 
MeOH/H 20 6h 
R.T. 
allyl = 2-propenyl 
2-methyl-2-propenyl 
1-butenyl 
l-phenyl-2-propenyl 
2-phenyl-2-propenyl 
(Eqn 2.2) 
33. 
3 6 
The hexamethylbenzene complexes RuCl(n -cH 2- CHCHR) (n -c6Me 6 ) 
56 6 (where R = H, Me, Et) have been prepared from {RuC1 2 (n -c6Me 6 ) } 2 
. 6 1 
via the hydrido-chloro dimer { Ru2 (µ -H) 2 (µ -Cl) (n -c6Me 6 ) 2' Cl. The 
2-propenyl complex is prepared by reacting the hydrido-chloro 
dimer with propene. Propane is also · a product of the reaction 
(Eqn 2.3). The 1-pentenyl and 1-butenyl chloro complexe s 
6 3 6 {Ru2 (µ-H) 2 (µ-Cl) (n -C6Me6) 2 }Cl + 4C3B6.---2RuC1 (n ·-C3H5) (n -c6"~.~6) + 2C3H8 
{ E9.n 1 ·3 ) 
3 6 RuCl(n -allyl) (n -c 6Me 6 ) (Fig 2.1) are prepared from the reaction 
of the hydrido-chloro dimer with 1,3-pentadiene and butadiene 
respectively. 
Me R - Me, Et 
(Fig 2.1) 
If the conjugated diene is either an acyclic 2-alkyl 
substituted diene or a cyclic diene the product of the reaction 
is a dienehexamethylbenzeneruthenium(o) complex (e.g. Eqn 2.4). 
2-methyl-butadiene 
---> 
e 
Me Me 
Ru 
~ Me 
(E qn 2.4) 
34. 
In these cases the allyl complex is forced to contain 
an alkyl substituent in the anti position (Fig 2.2) which may 
promote loss of HCl giving the observed ·Ru(O) product. 
R meso 
R syn Fig 2.2 
R anti 
The aims of this work were, first, to find convenient 
3 6 
synthetic pathways to RuCl( n -allyl) (n -arene) , complexes and to 
extend the range of known examples and, second, to investigate 
their reactions. 
2.2 6 Reaction of {RuC1 2 (n -arene) }2 with Allyl Grignard Reagents 
56 It has been reported that Grignard reagents do not react 
with {Ruc1 2 (n
6
-c6H6 )} 2 in ethereal solvents. However subsequent 
work57 has shown that isopropylmagnesiurnbromide can be used in 
the preparation of dienearenerutheniurn(o) complexes (Eqn 2.5). 
1,3-cyclohexadiene 
---> 
i-PrMgBr 
(Eqn 2.5) 
It was therefore decided to re-examine the use of Grignard 
reagents as a source of the allyl group in the preparation of 
3 6 RuCl(n -allyl) (n -arene) complexes. 
The reaction of allylmagnesiumchloride (where allyl -
2-propenyl, 2-methyl-2-propenyl) with {Ruc1 2 (n
6
-arene) }2 
complexes (arene = benzene, mesitylene, hexamethylbenzene) 
(molar ratio Ru:Mg = 1:2) occurs rapidly at room temperature in 
tetrahydrofuran/ether to produce brown suspensions. Very little 
of the product obtained after destroying the excess of Grignard 
35. 
reagent at -78°c with methanol is soluble in any of a variety 
of polar and non-polar solvents. The mass spectra ot the trace 
amounts of benzene soluble product isolated in each case contain 
a peak corresponding to the RuCl( n 3-allyl) (n 6-arene) complex. 
No reaction occurs at o0 c even in the presence of a large excess 
of allylmagnesiumchloride. The reaction conditions are 
restricted by the insolubility of both the ruthenium and 
rmgnesium reactants in tetrahydrofuran and ether. 
In an attempt to overcome these solubility problems, the 
ether-soluble Grignard reagent allylmagnesiumbromide was 
substituted for the chloro analogue. On reacting 2-propenyl-
magnesiumbromide with {Ruc1 2 (n
6
-arene)} 2 (molar ratio Ru : Mg 
1:2) for 4-18h at room temperature the bromo complexes 
3 6 RuBr(n -c3H5 ) (n -arene) were obtained in variable yield 
(20-50%) (Eqn 2.6). If the reaction (as above) is cooled to 
o0 c no product is obtained. The yields of these products are 
2-propenylMgBr 
-----> 
THF/ether 
(Eqn 2. 6) 
not improved by using a large excess of allylmagnesiumbromide. 
The addition of 5-10 equivalents gives very air sensitive 
hexane soluble brown oils, which have not been identified. 
2.3 Preparation of RuCl(n 3- allyl) (n6-arene) 
In view of the, at be~t, moderate yields of 
RuBr( n 3-allyl) (n 6-arene) complexes obtained by the use of allyl 
Grignard reagents an alternative procedure for the preparation 
of halide complexes of the form RuX( n 3-allyl) (n 6-arene) 
(X = halogen) was sought. 
36. 
Allyltrialkyltin compounds which have been used to 
58 59 prepare a wide variety of transition metal allyl complexes . ' , 
are readily prepared from allyl Grignard reagents and have a 
long shelf life. 
3 6 The RuCl(n -allyl) (n -arene) complexes (allyl = 2-propenyl, 
2-methyl-2-propenyl; arene = benzene, mesitylene, hexamethyl-
6 benzene) are prepared by stirring {Ruc1 2 (n -arene)} 2 and 
allyltrimethyltin (Sn:Ru = 1.5:1) in tetrahydrofuran at 60°c 
for two hours. The benzene complexes can equally well be 
prepared by stirring the reactants at 25°c for 18h. 
The unsubstituted allyl complexes RuCl(n 3-c3H5 ) (n
6
-arene) 
can also be prepared using allyltri-n-butyltin as the source of 
the allyl group. More forcing conditions are necessary ; the 
preparation requires a six-fold molar excess of the tin reagent 
for the reaction to proceed to completion at 60°c after 18h. 
No reaction is observed on refluxing a ten-fold excess of 
6 2-methyl-2-propenyltri-n-butyltin with {RuC1 2 (n -arene)} 2 for 
3 days. 
In all examples where reaction occurs, yields of 50-85% 
of RuCl(n 3-allyl) (n 6-arene) are obtained. The crystalline 
yellow air-stable solids are soluble in solvents such as 
dichloromethane, acetone, methanol and benzene but are insoluble 
in hexane. Under these reaction conditions the second chloride 
ligand is not replaced. 
A qualitative trend is evident from this series of 
reactions. As the bulk of the co-reactants increases the 
conditions necessary for the reaction become more severe. 
37. 
3 The formation of the 2-propenyl complex Mn(n -c3H5 ) (C0) 4 
from MnBr(C0) 5 has been proposed to occur by initial _coordination 
of the allyl tin reagent via the carbon-carbon double bond prior 
58 to the loss of the bromide (Eqn 2.7) . This reaction is 
reported to occur under milder conditions than are required for 
the conversion of the isolable o-allylmanganese complex 
1 3 60 
Mn(n -C3HS) (CO)s to Mn(n -C3HS) (C0)4 . 
An analogous mechanism can be suggested for the reaction 
6 
of {Rucl 2 ( n -arene) } 2 with all:tl trialkyl tin compounds. The 
reaction may proceed via an intermediate coordinatively 
SnMe3 
Br > I /II Mn(C0) 5Br 
+ -co Nm 
ally1SnMe
3 oc/ I 
C 
0 
unsaturated monomer, - _ 
R R Cl 
6 11 Ruel ( n -arene) 11 2 
~n /Cl' / - R R 
(Eqn 
R~Ru Ru ,~ · 
R R / / R~R 
Cl R R 
I 
R3 Sn(allyl) .. 
Cl 
R = Me or H 
--
,. n R = Me or Bu 
-R:sn:Y 
3 6 RuCl(n -allyl) ( n -arene) 
.. 
2 • 8) • 
R R 
Ru 
/ 
Cl Cl 
(Eqn 2. 8) 
. 3 6 
An attempt to prepare RuCl(n -c3H5 ) ( n -c6H6 ) from 
{RuC1 2 (n
6
-c6H6 ) }2 using allyltrimethylsilane as the source of 
the allyl group was unsuccessful. No reaction was observed 
refluxing ten equivalents of the silane with the dichlorG-
38. 
ruthenium dimer in tetrahydrofuran for 2 days. 
3 6 Mass spectra of the RuX(n -allyl) (n -arene) complexes 
contain the corresponding parent molecular ion. The spectra 
of the 2-methyl-2-propenyl complexes exhibit a fraqment 
corresponding to the species Ru(c 4H6 ) (arene) resulting from 
the loss of HCl. This is the proposed mechanism for the 
formation of dienearenerutheniurn complexes from the reaction 
of {Ru2 (µ-H) 2 (µ-Cl) (n
6
-c6Me 6 ) 2 }cl with conjugated cyclic 
dienes (see above) 56 . 
The solid-state infrared spectra of the RuX(n 3-allyl)-
6 -1 (n -arene) complexes contain a characteristic band ca 600 cm 
assignable to the o(CCC) mode of a n-allyl metal complex 
(Table 2.1) 61 . The 2-propenyl complexes exhibit a band at 
-1 1220-1240 cm generally assigned to a n(C-H) mode associated 
with the hydrogen at the meso position (Fig 2.2) 61 . The 
RuCl(allyl) (arene) complexes exhibit an infrared band at 
-1 270-300 cm corresponding to the v(Ru-Cl) mode of a terminally 
bonded chloride 62 . No I.R. spectra were recorded below 250 cm-l 
where v(Ru-Br) in the RuBr(allyl) (arene) complexes would be 
expected to occur. 
The 1H N.M.R. spectra of the RuX(allyl) (arene) complexes 
have been recorded and the chemical shifts and assignments of 
protons are reported in Table 2 .2. 
3 Then -allyl ligands often show an AM2x2 pattern, as a 
consequence of the relative chemical shifts of the meso (A), 
syn(M) and anti(X) protons, combined with the characteristic 
63 JHH values . In all the reports of complexes containing an 
unsubstituted n-allyl group the anti protons are to higher 
39. 
field of the syn and meso protons. A typical spectrum is 
depicted in Fig 2.3. 
The characteristic coupling constant between the anti-
and mesa-protons in n 3-allyl complexes is 9-llHz and that 
__/MM __ _ 
(Fig 2.3) 
between syn and meso protons is 5-7 Hz 63 . The anti-syn coupling 
is always less than 3Hz and is often less than lHz so that the 
syn and anti protons appear as broad doublets. The low value 
0 
of Jr(.Hi3h~--syn). has been attributed to an angle of 125 between 
the C-H bonds of these geminal protons. The Karplus relation-
ship states that no coupling will occur between these protons 
d h d . . 64 un er sue con itions . 
3 6 The 'H N.M.R. spectrum of RuCl(n -c 3H5 ) (n -c6H6 ) in 
cnc1 3 is consistent with a previously reported spectrum of this 
54 
complex The 2-propenyl group resonances are present in a 
AB 2x2 pattern {meso (A) , syn (B) ., an ti ( X) } with resonances centred 
at 2.210 and 4.170 corresponding to two and three protons 
respectively. 
The AB 2x2 _pattern for the allyl ligand is also observed 
3 6 in the 'H N.M.R. spectra of the complexes RuBr(n -c 3H5 ) (n -c6H6 ), 
3 6 
RuX(n -C3H5) (n -C6Me6) (where X = Cl, Br) and RuI(n 3-c 3H5 ) (n
6
-c 6H6 ) * 
in cn 2c1 2 (Table 2.2). 
*The preparation of RuI(n 3-c 3H5 ) (n
6
-arene) is described in 
Section 2.4. 
40. 
The analogous mesitylene complexes RuX( n 3-c 3H5 ) (n
6
-c6H3Me 3 ) 
(X=Cl,Br) exhibit the allyl proton resonances in an AM2x2 pattern 
in cD 2c1 2 . The highest field resonance in each case is a broad 
doublet (JHH 11HZ) assigned to the anti protons while a second 
doublet (JHH=7HZ) corresponds to the syn protons. The corres-
ponding 'H N.M.R. spectra of the 2-methyl-2-propenyl complexes 
RuCl{n 3 -cH2c(cH 3 )cH 2 }(n
6
-arene) contain the anti and syn protons 
as slightly broadened .singlets as a consequence of very small 
~l Hz) geminal coupling between these protons. The chemical 
shifts of the anti and syn protons are within 0.2 ppm of those 
of the corresponding 2-propenyl complexes. 
3 6 The 'H N.M.R. spectrum of RuI(n -c 3H5 ) (n - c 6Me 6 ) in 
CD 2c1 2 contains all of the allyl protons in a complex multiplet 
at 2.6-2.90. This multiplet results from the near equivalance 
of the anti, syn and mesa protons giving rise to an AB 2c 2 
spectrum. 
56 It has been noted that both syn and mesa protons are 
shifted to higher field in the RuCl(n 3-allyl) (n 6 -arene) complexes 
as the degree of methylation of the coordinated arene increases. 
Whether such an effect arises from shielding by adjacent methyl 
groups or by a change in the "electron-richness 11 of the metal 
atom in these complexes is not known. 
There are two possible orientations of the allyl group. 
In (I) the c e ntral allyl carbon 1is adjacent to the arene 
whereas in (II) it is adjacent to the halide (Fig 2.4). Both 
. 65-68 
conformers have been reported in some other systems , 
including the cyclopentadienylallyl iron and ruthenium 
complexes shown in Fig 2.5 66168 • The more stable conformer of 
41. 
Ru--4.~f' / ~ 
Cl Cl 
(J::q. (Fig 2.4) 
5 3 the M(n -C5H5 ) (n -allyl)L (M = Fe,Ru; L = CO,PPh 3 ) complexes 
has a structure analogous to (I) in Fig 2.4 with the central 
carbon atom adjacent to the cyclopentadienyl ligand. 
~ 
M ___ A / ~(\\ 
L 
(Fig 2.5) 
1 3 6 The H N.M.R. spectra of the RuX(n -al l yl) ( n -arene) 
complexes contain one detectable set of allyl resonances. 
Interpretation is made somewhat difficult in the benzene and 
hexamethylbenzene 2-propenyl complexes due to the AB 2x2 pattern 
but in each case there is only one approximate doublet 
13 
corresponding to the anti protons. One C N.M.R. spectrum, 
3 6 that of RuBr(n -c 3H5 ) ( n -c6Me 6 ), was obtained, and it shows 
only one set of allyl resonances with no evidence of a minor 
isomer. 
The 1H N.M.R. spectrum of RuCl( n 3-c 3H5 ) ( n
6
-c 6Me 6)is 
0 54 invariant in the temperature range -65~+ 50 C . The N.M.R. 
spectral data therefore suggests that the complexes exist in 
one conformation. Other indirect spectral evidence suggests 
that (I) may be the conformer present { e~ o,1el") .. 
The two conformers have been isolated in the allyltri-
42. 
3 65 
carbonyliron series, FeX(n -c 3H5 ) (C0) 3 (X = Cl,Br,NCO,I) . 
Use of lanthanide shift and relaxation agents identijied the 
respective conformers (Fig 2.6), and in each case, A is the 
major conformer. The relative chemical shifts of the allyl 
protons of each conformer vary with the halide substituent. 
For conformer A, the anti protons are shifted to lower field 
when Xis varied from chloride to bromide to iodide and the 
syn and meso protons appear at progressively higher field. 
The converse is observed for the B conformer. 
~/x 
oc/ I co 
C 
O· 
(A) 
~e/x. 
c/ I "'--c 
0 C 0 
0 (Fig 2.6) 
(.B) 
One conformer of the analogous ruthenium complexes 
3 RuX(n -C3H5) (C0)3 (X = Cl,Br,I) has been detected by 1H N.M.R. 
69 
spectroscopy . When the halide is varied the chemical shifts 
of the allyi protons show a trend which parallels that of 
3 
conformer A of FeX(n -c 3H5 ) (C0) 3 . 
Within the series of H N.M.R. spectra of the 
RuX(n 3-allyl) (n 6-arene) complexes (Table 2.2) variation of only 
the halide from chloride to bromide to iodide, in the same 
solvent, results in progressive downfield shifts of the anti 
proton resonances and corresponding upfield shifts of the syn 
and meso proton resonances. 
The 18 f 3 6 N.M.R. spectrum o RuI(n -c 3H5 ) (n -C6Me 6 ), where 
all the allyl protons occur as a multiplet at 2.6-2.96 is 
3 6 
consistent with the trends exhibited in other RuX(n -c 3H5 ) (n -arene) 
43. 
The downfield shift in the anti proton resonance and the 
upfield shift in the meso and syn proton resonances results 
in the near equivalence of their chemical shifts. 
3 6 Assuming that all of the RuX(n -allyl) (n -arene) 
complexes are present as the same conformer, the chemical shift 
differences of the allyl protons, as Xis varied, suggest that 
the complexes have structure ( I) in Fig 2. 4 · . 
In transition metal n-allyl complexes, the chemical 
shifts of allyl protons are often solvent-dependent, and large 
chemical shift differences are often observed between aromatic 
d . l 6 3b an non-aromatic so vents . For example, the chemical shifts 
of the allyl protons in Mo(n 5-c5H5 ) (n
3
-c 3H5 ) (C0) 2 are altered 
by up to 0.3 ppm in c 6o6 relative to their positions in cPcl 367. 
3 6 In the benzene-soluble RuX(n -allyl) (n -arene) complexes, 
the anti protons are deshielded by approximately 0.6 ppm and 
the syn and meso protons are shielded by approximately 0.1 ppm 
and 0.4 ppm respectively, relative to their resortant frequencies 
in dichloromethane (Table 2.4). 
2.4 Halide abstraction from RuCl(n 3-allyl) (n 6-arene) complexes 
The nitrato allyl complexes Ru(N0 3 ) (n
3
-allyl) (n6-arene) 
(arene = benzene, hexamethylbenzene; allyl = 2-propenyl, 
2-methyl-2-propenyl) are readily formed in quantitative yield 
by stirring Ru:Cl(n 3-allyl) (n 6-arene) with silver nitrate in 
methanol for 10 minutes. 
The infrared spectra of these complexes contain a band 
c:a 600cm-l associated with the n-allyl ligand and a very strong 
-1 band in the region 1265-1280cm corresponding to one of the 
4 4. 
70 (NO) modes of the nitrato group 
The cor~lexes are non-electrolytes in acetone but in 
methanol conductivity measurements indicate partial ionization. 
The !ability of the nitrate group in polar coordinating 
1 3 
solvents is shown by the H N.M.R. spectrum of Ru(N0 3 ) (n -c 3H5 )-
(n6-c6H6) in dimethylsulphoxide. The spectrum is identical with 
3 that of the cationic dimethylsulphoxide complex {Ru( n -c 3H5 )-
6 (n -c6H6 )DMS0}BF 4 (see below) and distinct from that of the 
nitrate complex in acetone (Table 2.2). 
The iodo complexes RuI(~ 3-c 3H5 ) (n
6
-arene) (arene -
benzene, hexamethylbenzene) (see also Section 2.2) are prepared 
by stirring Ru(N0 3 ) (n
3
-c 3H5 ) (n
6
-arene) with sodium iodide in 
methanol for 10 minutes. 
Reaction of RuCl(n 3-c 3H5 ) (n
6
-c 6H6 ) with silver 
tetrafluoroborate in acetone generates an isolable cationic 
3 6 - -
acetone complex {Ru(n -c 3H5 ) (n -c 6H6 )/(CH 3) 2co/ }BF 4 which has 
been charzcterised by elemental analysis and is moderate ly air 
stable as a solid. The 2-methyl-2-propenyl analogue 
-3 - 6 - -{Ru/n -CH2C(CH3)CH2-~ n -C6H6)/(CH3)2CO/ }BF4 has also been 
isolated but is noticeably less stable and decomposes over 24h. 
The infrared spectra of these acetone complexes contain a band 
-1 
ca 1650 cm corresponding to the ~ (CO) mode of an 0-bonded 
k . . d71 etone 1.igan . 
1 3 6 - , -The H N.M.R. spectrum of {Ru (n -C3H5) (n -C6H6) / (CH3)2CO/ }BF4 
in d 6-acetone is consistent with this formulation (Table 2.2). 
The chemical shift of the acetone methyl protons is identical 
with that of the uncoordinated ligand. Th is presumably results 
from rapid exchange between coordinated and free acetone. If 
•• 
45. 
3 6 three equivalents of H20 are added to {Ru(n -c3H5 ) (n -c6H6 )-
/(cH3)2co/}BF4 in acetone solution, approximately 40% of the 
complex is converted into another species. A new benzene 
proton resonance appears at 5.85 8 , the meso and syn protons 
of the allyl group appear as a multiplet at 4.620 and the anti 
protons appear as a doublet at 1.820 (JHH = 12Hz). This 
species, which has not been isolated, is probably the aquo 
3 6 
complex {Ru(n -c 3H5 ) (n -c6H6 ) (H20)}BF 4 . The competition 
between water and acetone for a vacant site on a low valent 
72 platinum metal centre has often been noted .. 
The hexamethylbenzene 2-propenyl complex 
{ 3 6 - -Ru(n -C 3H5 ) (n -C6Me 6 )/(CH 3) 2co/}BF4 could not be isolated as 
a solid, and it decomposes in acetone within lh at room 
temperature. 
with silver tetrafluoroborate in acetone results in rapid 
decomposition and no acetone complex could be isolated. 
The decrease in stability with increasing methyl 
substitution on the arene and allyl ligands probably does not 
arise from steric hindrance. Ligands, such as tertiary 
phosphines, which are more sterically demanding than acetone, 
can bond at this site in these . complexes. 'The relative Lewis 
acidity of the Ru(n 3-allyl) (n 6-arene) fragment may influence 
the stability of the acetone comp lex. Methylation of the 
polyene ligands presumably increases the electron donating 
ability of these ligands, thus decreasing the Lewis acidity 
of the metal centre and reducing their tendency to bind weak 
donor ligands. 
A wide variety of cationic complexes of the form 
46. 
3 6 {Ru( n -allyl) (n -arene)L}BF 4 (arene = benzene, hexamethylbenzene; 
allyl = 2-propenyl, 2-methyl-2-propenyl; L = PY, DMS~, P(OMe) 3 , 
PPh 3) has been prepared by the addition of the appropriate ligand, 
3 6 - -L, to acetone solutions of {Ru(n -allyl) (n -arene)/(CH 3) 2co/ }BF 4 
(Scheme 2.1). Owing to the instability of "{Ru/-n 3-cH 2C(CH 3)CH2-/-
(n6-c6Me6)/(CH3)2co/}BF411, this method is unsatisfactory for 
-3 - 6 the preparation of {Ru/n -CH2C(CH 3 )CH2-/ (n -c6Me 6 )L }BF 4 complexes. 
-3 - 6 The pyridine complex {Ru/n -cH 2C(CH 3 )CH2-/ (n -c6Me 6 )py }BF 4 
is prepared by stirring equimolar amounts of AgBF 4 and 
RuCl{n 3-cH 2C(CH 3 )cH2 }(n
6
-c6Me 6 ) in acetone in the presence of 
pyridine. This method is unsatisfactory for the preparation of 
the corresponding trimethylphosphite and triphenylphosphine 
complexes, P+Obably as a consequence of competition between 
silver and ruthenium for the tertiary phosphine ligands. 
3 6 The tertiary phosphine complexes {Ru( ~ -allyl) ( n -c6Me 6 )-
PR3}BF4 (R = OMe, Ph) are best prepared by stirring the phosphine 
with Ru(N0 3 ) (n
3
-allyl) (n 6-c6Me 6 ) and sodium tetrafluoroborate 
for up to 18h. 
-3 -The carbon monoxide complex {Ru/n -cH 2C(CH 3 )CH2-/ -
(n6-c6Me6)cO}BF4 is readily prepared by halide abstraction from 
RuCl{n 3-cH2C(CH 3)cH2 }(n
6
-c6Me 6 ) in acetone under one atmos p here 
of carbon monoxide. However competition of acetone for the 
vacant coordination site, generated by halide abstraction, 
renders this method unsatisfactory for the preparation of other 
3 6 · {Ru( n -allyl) (n -arene)CO }BF 4 complexes. These complexes are 
best prepared by halide abstraction in dichloromethane or 
chloroform at 25-40°c under a carbon monoxide atmosphere. 
47. 
in acetone supports the proposal that acetone coordination to 
the coordinatively unsaturated cation 11 Ru{n 3-cH2C(Clj 3 )cH 2 }-:-
(n6-c6Me6)11 is weak. 
The acetonitrile complexes {Ru(n 3-allyl) (n 6-arene)-
(CH3CN)}BF4 are prepared by the reaction of RuCl(n 3-allyl) ( n6-arene) 
with silver tetrafluoroborate in acetonitrile. 
3 6 Infrared spectra of the {Ru(n -allyl) (n -arene)L}BF4 
complexes contain a band ca 600 cm-l arising from the o( CCC) 
d f 11 1 1 . d 61 h l t f h mo e o an-a y igan . Te H N.M.R. spec ra o t ese 
complexes contain the allyl resonances in either AB 2x2 or AM2x2 
patterns. 
Conductivity studies show these complexes to be 1:1 
electrolytes in nitromethane. 
The 1H N.M.R. spectra of the tertiary phosphine 
containing complexes {Ru(n 3-allyl) (n 6-arene)PR3 }BF4 exhibit P-H 
coupling of ca 14Hz to the allyl anti protons but there is no 
detectable 31P coupling to the syn and mesa protons. 
Both configurational isomers 
have been isolated and characterised 
5 3 
of Ru(n -CSHS) (n -allyl)PPh3 
(see Section 2.2) 66 a. In 
its 1H N.M.R. spectrum, the major isomer (Fig 2.5) shows a P-H 
coupling of 15.6Hz to the anti protons. In the minor isomer, 
31P coupling to the anti protons is small (JPH = l.8Hz), but 
a 
31P coupling of 13.2Hz to the mesa proton is observed. 
The 31P coupling evidence suggests that the 
3 6 {Ru(n -allyl) (n -arene)PR3 }BF 4 complexes exist in the same 
5 3 
conformation as the major isomer of the Ru( n -c5H5 ) (n -allyl) (PPh 3 ) 
complexes, and similar to that proposed for the parent halides, 
~ 
RuCl(allyl) (arene) 
( i) ' .. / / (ii/ 
~ (~ 
(iv)~ [Ru (allyl) (arene) (MeCN)] BF 4 (iii)\ 
[Ru (allyl) (arene) L ] BF 4 Ru(N0 3 ) (allyl) (arene) 
~ [Ru (allyl) (arene) CO] BF 4 [Ru(allyl) (arene) (acetone)]BF 4 
(vii)\ 
[Ru(allyl) (arene)L]BF 4 
\ 
(i) a (arene=C
6
Me
6 
; allyl=2-methyl-2-propeny l ; L =py) AgBF 4 , py, acetone 
b (arene=C
6
H
6 
; allyl=2-propenyl ; L =t-BuNC) AgBF 4 , t-BuNC, acetone 
(ii) AgBF 4 ,co,CH 2Cl 2 
(iii) 
(iv) 
(v) 
(vi) 
(vii) 
AgBF 4 , ace tone 
AgN03 , methanol 
AgBF 4 , MeCN 
NaBF 4 , MeOH, L [L=P(OMe 3), PPh 3 ] 
a (arene=C6Me 6 ; allyl =2-propenyl 
b (arene=C6H6 ; allyl=2-propenyl, 
; L=DMSO , t-BuNC) L, acetone 
2-methyl-2-propenyl; L=py, P(OMe) 3 , DMSO) L, acetone 
Scheme 2.1 
+"" 
co 
' 
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3 6 RuX(n -allyl) (n -arene). Only one conformer is apparent in 
1 { 3 6 the H N.M.R. spectra of all the Ru(n -allyl) (n - arene)L}BF 4 
complexes. It is probably reasonable to assume that all these 
complexes have a configuration analogous to (I) in Fig 2.4. 
1 3 6 In the H N.M.R. spectra of the {Ru(n -allyl) (n -c6H6 )-
re.so("'\ a.A~ 
CO}BF 4 complexes the benzene proton is at lower field (0.5-l.2ppm) f 
3 6 than the corresponding resonance in the {Ru(n -allyl) (n -c6H6 )L}BF 4 
(L = P(OMe) 3 , PPh 3 , D1MSO, MeCN, py) complexes. This shift 
difference may arise from the strong TI-acceptor ability of the 
carbonyl ligand relative to the other ligands, L, in this series. 
The withdrawal of electron density from the complexed arene is 
also reflected in the chemical shifts of the arene methyl protons 
3 
of the analogous hexamethylbenzene complexes {Ru(n -allyl)-
6 (n -c6Me 6 )CO}BF 4 . These resonances, which occur at 2.36-2.400, 
are at approximately 0.2 ppm to lower field than those of 
uncoordinated hexamethylbenzene. 
The difference in the "electron-richness" of the benzene 
and hexamethylbenzene aliyJruthenium fragments is reflected in 
the V(CO) mode frequencies in the infrared spectra of the 
respective {Ru(n 3-allyl) (n 6-arene)CO}BF 4 complexes. The infrared 
-1 
spectrum of the benzene complex contains this band at 2030cm 
while the corresponding hexamethylbenzene complex exhibits this 
band at 2008cm- 1 . A similar effect is observed for the benzene 
and hexaethylbenzene chromium tricarbonyls with the former 
exhibiting ~(CO) bands at 1987, 1917cm-l and the latter at 
19 5 9 , 18 8 6 cm - l . 
The isolable {Ru(n 3-allyl) (n 6-arene)DMS0}BF 4 complexes 
-1 
contain a band 1110-llSOcm , assignable to the V(S=O) mode of 
50 •. 
74 1 
an S-bonded DMSO . In H N.M.R. spectra of the se complexes, 
the methyl protons of the DMSO ligand resonate at lower field 
than 3.06, consistent with an S-bonded ligand 75 . 
... 
The rate of exchange of dimethylsulphoxide with 
coordinated dimethylsulphoxide in the {Ru(n 3-allyl) (n 6-arene)-
DMSO}BF4 complexes increases with increasing methylation of the 
polyene ligands. Proton N.M.R. spectra show that a solution of 
-3 - 6 6 {Ru/n -CH2C(CH 3 )CH2-fin -c6H6 (DMSO}BF 4 ind DMSO has undergone 
90% exchange with solvent after 4 days at room temperature. 
Under similar conditions complete exchange of coordinated DMSO 
3 6 {Ru(n -c 3H5 ) (n -c6Me 6 )DMSO}BF 4 occurs within three hours. in 
If the rate of exchange of DMSO is primarily a function of the 
stability of the {Ru(n 3-allyl) (n 6-arene)DMSO}BF 4 complexes 
then the order of stability of these complexes parallels that 
{ 3 6 - -} of the acetone complexes Ru(n -allyl) (n -arene)/(CH 3 ) 2co/ BF 4 . 
If such assumptions are correct it is not surprising that the 
corresponding cationic 2-methyl-2-propenyl hexamethylbenzene 
dimethylsulphoxide complex could not be formed. 
2.5 ~~perimental 
Reactions involving allyl Grignard reagents and 
allyltrialkyltin compounds were carried out under a dry nitrogen 
atmosphere. 6 The {RuC1 2 (n -arene)} 2 complexes were prepared as 
described in the literature62 b 176 . The allyltrialkyltin 
compounds were prepared from the reaction of allyl Grignards 
with the corresponding trialkyltinchloride58~. The allyl 
Grignard reagents were prepared from the reaction of freshly 
distilled 2-propenyl bromide and 2-methyl-2-propenyl chloride 
. h . 77 wit magnesium 
Elemental microanalyses were performed by the Analytical 
5I. 
Departments of the Research School of Chemistry and the John 
Curtin School of Medical Research at the Australian _National 
University. Infrared spectra were recorded on Perkin-Elmer 
683 and 457 spectrometers as nujol mulls. Proton N.M.R. 
0 . 1 spectra were recorded at 28 Con a Varian HA 00, Jeolco MHlOO, 
13 
or Jeolco PNM-60 instrument. The C N.M.R. spectrum was 
recorded on a Jeolco JNM-FX-60 instrument. Tetramethylsilane 
was used as the internal reference. Mass spectra were run __ _ 
at 70eV on an AEI MS902 instrument and conductivity measurements 
were determined using a Philips GM414 bridge with a PW-9510 
conductivity cell. 
Preparation of RuBr(n 3-c 3H5 ) (n
6
-arene) complexes 
{Rucl2 (c6H6 )} 2 (200mg) was stirred in THF (50ml) at 
room temperature . to which was added allylmagnesiurnbromide 
(1.5 rnrnol) in ether (3ml). The reaction mixture was stirred 
0. 
for 18h to result in dark brown solution. The temperature of the 
reaction mixture was then reduced to -78°C and methanol (1ml) 
added. The solvent was then removed and the product extracted 
with benzene and filtered. Hexane was added to the filtrate to 
initiate the crystallization of a brown solid. The product was 
washed with pentane and dried in vacuo (85mg, 41%). 
Similarly prepared from the appropriate {Ruc12 (arene)} 2 
complex were: 
RuB r ( C 3 H 5 ) (m .es ) 
RuBr(C3 H5 ) (C 6Me 6 ) 
(18h, 15%) 
(2h, 48%) 
Preparation of RuCl(n 3-allyl) (n 6-arene) complexes 
(a) {Rucl2 (c6H6 ) }2 (200mg) was stirred with 2-propenyltrimethyltin 
(250mg) in THF(SOml) at room temperature for 18h. The solution 
52. 
was filtered, the filtrate reduced in volume and e ther was 
added. A microcrystalline yellow-brown solid was iso~ted which 
was recrystallized from acetone-ether and washed with ether 
( 170mg, 8 4 % ) . 
Similarly prepared from the appropriate allyltrimethyltin 
and {Rue1 2 (arene)} 2 were: 
0 Ruel (e3H5) (mes.) (18h, 60 e, 62%); Ruel (e3H5) (e6Me6) 
0 0 (18h, 60 e, 65%), Ruel (e4H7) (e6H6) (18h, 25 e, 51%); 
Ruel(e4H7) (m_es) (18h, 60°e, 58%) ; Ruel(e 4H7 ) (e 6Me 6 ) 
(18h, 60°e, 79%). 
(b) To {Ruel2 (e 6H6 ) }2 (800mg) in THF (150ml) was added 2-propenyl-
tri-n-butyltin and the suspension was stirred for 4h at 60°e. 
The solution was then filtered, reduced in volume and ether added. 
Isolated yellow-brown pla.telets ( 650mg, 79%) . 
Ruel(e 3H5 ) (e6Me 6 ) was similarly prepared from 
{Ruel2 (e 6Me 6 )} 2 and 2-propenyl-tri-n-butyltin by heating the 
0 
reaction mixture at 60 e for 18h (yield 82%). 
3 6 Preparation of Ru(N0 3 ) (n -allyl) ( n -arene). 
To Ruel(e 3H5 ) (e6H6 ) (100mg) in methanol (15ml) was added 
silver nitrate (70mg) and the solution was stirred for 10 minutes. 
The solution was then filtered to remove silver chloride precipitate 
and the filtrate was then reduced in volume and ether was added. 
Isolated yellow microcrystalline solid (1 00mg 93 %). 
Similarly prepared from the appropriate Ruel(allyl) (arene) 
complexes were: 
Ru(N0 3) (e 3H5 ) (e 6Me 6 ) 
Ru(N03) (e4H7) (e6Me6) 
(81%) 
(84%) 
53. 
{ 3 6 - -Preparation of Ru(n -allyl) ( n -c 6H6 )/(CH 3 ) 2co/}BF4 
To RuCl(C 3H5 ) (C 6H6 ) (100mg) in acetone (15ml) was added 
silver tetrafluoroborate (70mg) and the solution was stirred for 
5 minutes and then filtered. To the resultant yellow filtrate 
was added ether. Isolated a microcrystalline yellow solid which 
was washed with ether (95mg, 67%). 
{Ru(C4H7 ) (C 6H6 )/(CH 3 ) 2co/}BF4 was similarly prepared from 
RuCl(C 4H7 ) (C 6H6 ) in 57% yield. 
Preparation of {Ru(n 3-allyl) (n 6-arene)MeCN}BF4 
To RuCl(C 3H5 ) (C 6H6 ) (80mg) in acetonitrile (15ml) was 
added AgBF 4 (64mg) and the solution was stirred for 10 minutes 
and then filtered and the filtrate evaporated to leave a yellow 
solid. This residual solid was dissolved in dichloromethane and 
ether was added. A microcrystalline yellow solid was isolated 
(40mg, 37%). 
Similarly prepared from the corresponding RuCl(allyl) (arene) 
complex were: 
{Ru(C 3H5 ) (C 6Me 6 )MeCN}BF 4 
{Ru(C 4H7 ) (C 6Me 6 ) MeCN}BF 4 
( 6 3%) 
(32%) 
Preparation of {Ru( n 3-allyl) ( n 6- c 6H6 )py }BF 4 
To RuCl(C 3H5 ) (C 6H6 ) (100mg) in acetone (15ml) was added 
AgBF 4 (85mg) and the solution was stirred for 5 minutes and then 
filtered. To the filtrate was added pyridine (40Ul) and the 
solution was stirred for 15 minutes. The solvent was then 
removed and the residual solid dissolved in dichloromethane to 
decompose any remaining {Ru(C 3H5 ) (C 6H6 )/(CH 3 ) 2co/ }BF 4 complex. 
The solution was then refiltered and ether added. A pale yellow 
microcrystalline solid was isolated which was recrystallized 
54. 
from acetone-ether (75mg, 50%). 
-
Similarly prepared in 47 % yield was {Ru(C 4H7 ) (C 6H6 )py }BF 4 
from RuCl(C 4H7 ) (C 6H6 ). 
Preparation of {Ru/n 3-cH 2C(CH 3 )CH2-/ ( n
6
-c 6Me 6 )p:>'y }BF 4 
To RuCl(C4H7 ) (C 6Me 6 ) (42mg) and pyridine (20Ul) in 
acetone (15ml) was added AgBF 4 (25mg). The solution was stirred 
for 5 minutes and then filtered and ether added. Isolated 
microcrystallin.epale yellow solid (20mg, 35%). 
· 3 6 } Preparation of {Ru( n -allyl) (n -arene)DMSO BF 4 complexes 
To RuCl(C 3H5 ) (C 6H6 ) (100mg) in acetone (15ml) was added 
AgBF 4 (85mg) and the solution was stirred for 5 minutes and then 
filtered. To the filtrate was added DMSO (35µ1 ) and the solution · 
was stirred for a further 10 minutes. The volume was reduced and 
ether added to result in the formation of a white solid. 
Recrystallization was carried out in dichloromethane-ether and 
the product was washed with ether (90mg). 
Similarly prepared from the corresponding RuCl(allyl) (arene) 
complexes were: 
{Ru (C 4H7 ) (C 6H6 ) (DMSO) }BF 4 
{Ru (C 3H5 ) (C 6Me 6 ) (DMSO) }BF 4 
( 41 %) 
(65 %) 
Preparation of { Ru ( n 3 -c 3 H 5 ) ( n 
6 
-C 6 H 6 ) ( t - B uN C) } BF 4 
To RuCl(C 3H5 ) (C 6H6 ) (50mg) and t-BuNC ( 201J._;l) in acetone 
(15ml) was added AgBF 4 (40mg) and the solution was stirred for 
3h and then filtered. The filtrate was then reduced in volume 
and ether added to result in the formation of a microcrystal] ine 
pale yellow solid (35mg, 45 %). 
55 •. 
3 6 Preparation of {Ru( n -c 3H5 ) (n -c6Me 6 ) (t-BuNC) }BF 4 
The method is similar to that for the preparation of 
3 6 } the {Ru(n -allyl) (n -arene) (DMSO) BF 4 complexes. 
Preparation of {Ru(n 3-c 3H5 ) (n
6
-c 6H6 )PPh 3 }BF 4 
The preparation is similar to that of the {Ru(n 3-allyl) 
6 (n -arene) (DMSO)}BF 4 complex except that the reaction mixture 
is stirred for Sh (82%). 
{ 3 6 - -} Preparation of Ru ( n -c~_H5 ) ( n -c6H6 ) /P ( OMe) 3-I BF 4 
3 The method of preparation is similar to the {Ru(n -allyl) 
6 (n -arene)DMSO}BF 4 complexes except that the reaction mixture 
must be stirred for ca lh (91%). 
3 6 
.. Preparation of {Ru(n -c 3H5 ) (n -c6Me 6 )PPh3 }BF4 
3 6 To Ru(N0 3 ) (n -c 3H5 ) (n -c6Me 6 ) (200mg) in methanol (30ml) 
was added triphenylphosphine (186mg) and NaBF 4 (78mg) and the 
solution was stirred for 18h. The solution was then removed and 
the product extracted into dichloromethane and filtered. Ether 
was added to the filtrate to initiate the crystallization of a 
pale yellow solid i280mg, 79%). 
- 3 6 - } Preparation of {Ru(n -allyl) ( n -c6Me 6 ) /P (OMe) 3-l BF 4 
complexes 
The method of preparation is similar to {Ru(c 3H5 ) (C 6Me 6 ) 
PPh 3 }BF 4 except that the reaction mixture only requires stirring 
for l/2h. 
{Ru(C 3H5 ) (C 6Me 6 ) /P.(OMe) 3-/ }BF 4 
{Ru (C 4H7 ) (C 6Me 6 ) /P (OMe) }-/ }BF 4 
(79%) 
(35%) 
Preparation of {Ru( n 3-c 3H5 ) (n
6
-c6H6 )CO}BF 4 
To AgBF 4 (150mg) in dichloromethane, under reflux and 
presaturated with carbon monoxide, was added RuCl(C 3H5 ) (C 6H6 ) 
56. 
(200mg). The solution was stirred with carbon monoxide bubbling 
into it for l-l/2h and then filtered. The filtrate was then 
reduced in volume and ether added to initiate the crystallization 
of a white solid. Recrystallization was carried out from 
dichloromethane-ether (224mg, 85%). 
Preparation of {Ru( n 3-c 3H5 ) (n
6
-c6Me 6 )cO }BF 4 
The method is similar to the analogous benzene complex 
except that the reaction mixture does not require heating 
(yield 91%). 
. . 
-3 - 6 } Preparation of {Ru/n -CH2C(CH3)CH2-/ (n -C6Me6)CO BF4 
To AgBF 4 (30mg) in acetone (15ml) presaturated with 
carbon monoxide was added RuCl(C 4H7) (C 6Me 6 ) and the solution 
was stirred for 5 minutes and then filtered. The filtrate was 
then evaporated to dryness to leave a grey solid. Recrystallization 
was performed from dichloromethane-ether (45mg, 74 %). 
----, 
I. R. 
Complex 
Ruel (C3H5) (C6H6) 
Ruel (C 3H5 ) (mes) 
Ruel (C3H5) (C6Me6) 
RuBr (C 3H5 ) (C 6H6 ) 
RuBr (C 3H5 ) (mes) 
RuBr (C 3H5 ) (C 6Me 6 ) 
RuCl (C 4H7) (C 6H6 ) 
RuCl (C 4 H7 ) (mes) 
RuCl (C 4H7 ) (C 6Me 6 ) 
Ru(N03 ) (C 3H5 ) (C 6H6 ) 
Ru(N03 ) (C 3 H5 ) (C 6Me 6 ) 
[Ru(C 3H5 ) (C 6H6 )CO]BF 4 
[Ru (C 3H5 ) (C 6Me 6 ) CO] BF 4 
[Ru (C 4H7 ) (C 6Me 6 ) CO] BF 4 
[Ru (C 3H5 ) (C 6H6 ) DMSO] BF 4 
[Ru(C 3H5 ) (C 6Me 6 )DMS0]BF 4 
[Ru(C4H7 ) (C 6H6 )DMS0]BF 4 
~ 
~ 
ble 2_ 1 
and Mass Spectral Data for ~ 3 - allyl areneruthenium complexes 
cS(CCC) 
596 
598 
593 
600 
596 
597 
609 
591 
583 
596 
593 
600 
600 
603 
597 
595 
589 
-1 a I.R. Data (cm ) 
n(C-H) V (Ru-Cl) 
1223 272 
1212 288 
1223 282 
1225 
1222 
1220 
272 
299 
306 
1226 
1220 
1228 
1235 
1235 
1230 
Other 
Mass Spectra (a .m.u.) 
[PM]+ [Pm-allylY (PM-HCl] 
256 215 
298 257 
340 299 
344 303 
386 345 
270 215 234 
312 257 276 
354 299 318 
1278b 
1267b 
2030c 
2008c 
1990c 
1150d 
1110d 
\Jl 
1148d ~ • 
' I 
- -
r 
~ 
o (CCC) 
b 
[Ru(C
3
H
5
) (C 6H6 ) { (CH 3 ) 2co}]BF 4 589 
[Ru (C
4
H
7
) (C 6H6 ) { (CH 3 ) 2co}] BF 4 585 
[Ru (C
3
H
5
) (C 6H6 ) (t-BuNC)] BF 4 608 
[Ru(C
3
H
5
) (C 6Me 6 ) (t-BuNC) ]BF 4 610 
Table (contd) 
- la I.R. Data (cm ) 
TI (C-H) 
1223 
1234 
1234 
v (Ru-Cl) Other 
1652e 
1650e 
2158f 
2126f 
a= Nujol Mull; b = v(N=O) ;e,c = v(CO) ; d = v(S=O) ; f = v(C=N) 
\Jl 
(X) 
• 
1 
Table 2-2 
l H N - M-R . Spectral Data for n 3allyl areneruthenium complexesa 
Complex Arene Resonances Allyl Resonance Other 
RuCl(C 3H5 ) (C 6H6 ) 5.47 (s,6H) CH 2.21 (m,2H) anti; 4.17 (tn, 3H) syn, rneso 
RuBr(C 3H5 ) (C 6H6 ) 5.52 (s,6H) CH 2.49 (m,2H) anti; 4.08 (m, 3H) syn, meso 
RuI (C 3H5 ) (C 6H6) 5.58 (s,6H) CH 2.95 (m, 2H) anti; 3.88 (m,3H) syn, rneso 
RuCl(C 3H5 (rnes) 5.01 ( S, 3H) CH 2.37 (d,J=ll,2H) anti; - :, 
2.08 (s,9H) CMe 3.40 (d,J=7,2H) ·syn; 
4.09 (tn,lH) meso 
R uB r ( c 3 H 5 ) (mes ) 5.01 ( s, 3H) CH 2.61 (d,J=ll,2H) anti; 
2.08 (s,9H) CMe 3.28 (d,J=7,2H) syn; 
3.90 (m, lH) meso 
RuCl(C3H5 ) (C 6Me 6 ) 2.05 (s,18H) CMe 2.20 (fn,2H) anti; 3.16 (in, 3H) syn, meso 
RuBr(C 3H5 ) (C 6Me 6 ) 2.06 (s· , 18H) CMe 2.47 (m, 2H) anti; 3.02 (m, 3H) syn, meso 
RuI ( c 3H5 ) ( c 6Me 6 ) 2.08 (s,18H) CMe 2.87 (m.,5H) anti, syn, meso 
RuCl(C 4H7 ) (C 6H6 ) 5.43 (S,6H) CH 2.22 (s,2H) anti; 4.17 (s,2H) syn; 
1.64 (s , 3H) meso methyl 
Ruel (c 4H7 ) (mes) 4.80 (s , 3H) CH 2.46 (s, 2H) anti; 3.43 (s, 2H) syn; 
2.15 (s,9H) CMe 1.78 ( s, 3H) meso methyl 
-
RuCl(C 4H7 ) (C 6Me 6 ) 2.13 {S,18H) CMe 2.41 (s· , 2H) anti; 3.17 (s, 2H) syn; 
1.69 (S. , 3H) rneso methyl 
Ru(N0 3 ) (C 3H5 ) (C 6H6 ) 5.58 (S ,6H) CH 1.95 (m, 2H) anti; 4.47 (rn., 3H) syn, meso 
Ru(N0 3 ) (C 3H5 ) (C 6Me 6 ) 2o02 ($,l8H) CMe 1.75 (m., 2H) anti; 3. 5 3 (m~, 3H) syn, meso \J1 - '-..() 
' 
~ 
~ 
Complex Arene Resonances 
{Ru(C3 H 5 ) (C 6 H 6 )-
/(CH3) 2CO/}BF 4 b 5.85 (s ,6H) CH 
b {Ru(C 3H5 ) (C 6H6 )CO}BF 4 6.87 (s ,6H) CH 
{Ru(C 3H5 ) (C6H6 )-
- - b /P (OMe) 3-I }BF 4 
6.23 (s ,6H) CH 
{Ru(C 3H5 ) (C 6H6 )py}BF4b 5.92 (~ 1 6H) CH 
{Ru(C 3H5 ) (C6H6 )-
DMS0}BF 4 b 
6.33 (s,6H) CH 
{Ru(C 3H5 ) (C 6H6 )MeCN}- 6.00 (~ 1 6H) CH 
BF b 
4 
{Ru(C 3H5 ) (C 6H6 )- 6.33 (S ,6H) CH 
(t-BuNC) }BF
4 
b 
{Ru(C 3H5 ) (C 6H6 )-
Pl?·h3 }BF 4 
{Ru(C4H7 ) (C 6H6 )-b (acetone)}BF 4 
5. 71 (s: , 6H) CH 
5 . 8 7 ( s , , 6 H ) CH 
Allyl Resonances Other 
1 • 8 2 (rn., 2 H) anti ; 4 • 6 0 (rn~, 3 H) syn , mes o 2 • 0 7 ( s~ , 6 H) Me 
2 
CO 
2.27 (d,J=ll,2H) anti; 
3.95 (d,J=7,2H) syn; 
5.13 (m,lH) meso 
1.78 (dd,JHH=ll,JPH=l4,2H) anti; 
3.52 (d,J=7,2H) syn; 
4.75 (~,lH) meso 
3.72 (d,JPH=l2,9H) 
P(OMe) 3 
1.57 (tn,2H) anti; 4.52 (tn,3H) syn, meso 7.33 (m_,2H); 7.82 
(m., lH) ; 8 . 7 3 (m , 2 H ); 
2.10 (d,J=ll,2H) anti; 
4.07 (d,J=7,2H) syn; 
4.80 (m:lH) meso 
3.47 (s,6H) 
Me 2 so 
1.97 (trf,2H) anti; 4.23 (Ih,3H) syn, meso 2.43 (s,3H) MeCN 
1 • 7 7 ( d , J = 11 , 2 H) anti ; 1 . 4 7 ( S, , 9 H ) 
3.63 (d,J=7,2H) syn; Me 3CNC 
4.70 (m,lH) meso 
1.31 (dd,JPH=l2,JHH=ll,2H) anti; 
3 • 61 ( d , J = 7 , 2 H ) syn ; 
4. 58 (m, lH) meso 
1.65 (S,2H) anti; 4.70 (s, ,2H) syn; 
1.77 (s,lH) meso methyl 
7.46 (m,lSH) 
P~h 3 
2.07 (s ,6 H) 
O'\ 
0 
• 
' 
~ 
Complex 
b { Ru ( C 4 H 7 ) ( C 6 H 6 ) CO} BF 4 
Arene Resonances 
6 . 8 0 ( s , 6 H ) CH 
. {Ru(C
4
H7 ) (C6H6 )py}BF 4b 5.80(s,6H) CH 
{ Ru ( C 4 H 7 ) ( C 6 H 6 ) DMS O} BF 4 c 6 • 18 ( s , 6 H) CH 
{ Ru ( C 3 HS ) ( C 6 Me 6 ) CO} BF 4 2.36(s,18H)CMe 
{ Ru ( C 3 HS ) ( C 6 Me 6 ) - 2 . 2 3 ( s , 18 H) CMe 
[P(OMe) 3 :J }BF4 
{Ru (C 3H5 ) (C6Me 6 ) DMSO)JBF 4 2. 22 (s, 18H) CMe 
{ Ru ( C 3 HS ) ( C 6 Me 6 ) 
(t-BuNC) }BF 4 
b 2.lO(s,18H)CMe 
b {Ru(C3H5 ) (C 6Me 6 )PPh3 BF 4 l.97(s,18H)CMe 
. {Ru (C 4H7 ) (C6Me 6 ) CO}BF 4 
b {Ru ( C 4H7 ) ( c 6Me 6 ) py }BF 4 
2.40(s,18H)CMe 
2.08(s,18H)CMe 
Allyl Re sonances 
2.19(s,2H)anti; 4.00(s,2H)syn; 
2.17(s,3H meso methyl 
l.52(s,2H)anti; 4.48(s,2H)syn; 
l.85(s,3H)mero methyl 
l.83(s,2H)anti; 3.93(s,2H)syn; 
l.87(s,3H)meso methyl 
2.13(d,J=ll,2H)anti; 2.99(d,J=7,2H)syn 
3.78(m,1H) 
l.90(dd,JPH=l2,JHH=ll,2H)anti; 
2.54(d,J=7,2H)syn; 3.30(m,1H)meso 
l.92(d,J=ll,2H)anti; 3.ll(d,J=7,2H)syn 
3.49(m,1H)meso 
l.73(d,J=ll,2H)anti; 2.77(d,J=7,2H)syn 
3.60(m,1H)meso 
l.45(dd,JPH=l2,JHH=ll,2H)anti; 
2.83(d,J=7,2H)syn; 3.40(m,1H)meso 
2.08(s,2H)anti; 2.98(s,2H)syn; 
l.97(s,3H)meso methyl 
l.48(s,2H)anti; 3.58(s,2H)syn; 
l.80(s,3H)meso methyl 
Other 
7 • 3 3 ( m, 2H) ; 
7. 8 0 (m, lH) ; 
8 • 7 3 ( m, 2H) 
3.53(s,6H) 
Me 2so 
3.58(d,JPH=l2,9H) 
P(OMe) 3 
3.00 (s,6H) 
Me 2so 
l.50(s,9H) 
Me 3CNC 
7.60(m,15H) 
PPh 3 
7.55(m,2H); 8,0S(m,1 
8.65(m,2H) 
O'\ 
H 
• 
1 
~ 
Complex Arene Re s ona n ces 
{Ru(C 4H 7) (C6Me 6 )MeCN}BF 4 2.17(s,18H)CMe 
{ Ru ( C 4 H 7 ) ( C 6 Me 6 ) -
[P (OMe) 3 J }BF 4 2.22(s,18H)CMe 
Allyl Resonances 
l.87(s,2H)anti; 3.17(s,2H)syn; 
l.72(s,3H)meso 
l.83{d,JPH=l2,2H)anti; 2.38(s,2H)syn; 
1.88(.s,JH)meso methyl 
a - Measured in cn2c1 2 at 28°c, except where otherwise stated. 
Chemical shifts are in ppm ( o) relative to SiMe4 ; J in Hz 
b - Measured in a6-acetone 
C - Measured in a6 -DMS0 
Other 
2 • 4 0 ( s, 3H) 
MeCN 
3.62,JPH= l2,9H) 
P(OMe) 3 
CJ'\ 
I\) 
• 
Table 2 . 3 
Analytical Data for n3-allyl areneruthenium complexes 
C H X Other 
Complex found (calc.) found (calc.) found (calc.) found (calc.) 
RuCl (C 3H5 ) (C6H6 ) * 42.27 (42.24) 4.62 (4.34) 13.01 (13.86) 
RuCl(C 4H7 ) (C 6H6 ) * 44.56 (44.53) 5.20 (4.86) 13.65 (13.14) 
RuCl(C3H5 ) (C 6Me 6 ) * 53.06 (53.06) 6.98 ( 6. 82) 10.80 (10.43) 
Ruel (c3H5 ) (mes) 49.05 (48.40) 5.98 (5.75) 
Ruel (C4H7) (C6Me6) 54.02 (54.30) 7.11 (7.12) 10.24 (10.02) 
RuB r ( C 3 H 5 ) ( C 6 H 6 ) 36.38 (36.01) 3.92 . (3.69) 27.01 (26.62) 
RuB r ( C 3 H 5 ) ( C 6 Me 6 ) 47.07 (46.87) 6.25 (6.03) 20.29 (20.79) 
RuB r ( C 3 H 5 ) (mes) 41.94 (42.11) 5.56 (5.01) 
Ru(N03 ) (C 3H5 ) (C6H6 ) 38.50 (38.29) 4.11 (3.93) 5.06 (4.96) 
a 
Ru(N03 ) (C 3H5 ) (C6Me 6 ) 48.95 (49.17) 6.19 (6.33) 3.50 (3.82) 
a 
{Ru (C 3H5 ) (C 6Me 6 ) CO}BF 4 45.97 (45.84) 5.54 (5.53) 
. {Ru ( C 3 H 5 ) ( C 6 H 6 ) DMS O } BF 4 34.44 (34.30) 4.49 (4.45) 8.42 (8.32) 
b 
{Ru(C 3H5 ) (C6H6 ) CO}BF 4 36.07 (35.85) 3.21 (3.31) 
{Ru(C3H5 ) (c6.1-1t,Xacetone) }BF 4 38.73 (39.47) 4.77 (4.69) 
{Ru(C3H5 ) (C6H6 )py}BF 4 43.52 (43.54) 4.42 (4.18) 3.57 (3.63)a 
m 
l,..) 
• 
~ 
Table 2.3 (con~d 
C H X 
Complex found (calc.) found (calc.) found ( calc . ) 
{Ru(C3H5)( c6H6 ) PPh3 BF4 56.46 (56.96) 4.87 (4.60) 
{Ru (c3 H5 Xc 6 H6 ) [P (OMe) 3 J }BF 4 33.73 (33.47) 4.69 (4.68) 
{Ru (C 3H5 ) (C 6Me 6 ) DMSO}BF 4 43.56 (43.50) 6.35 (6.23) 
{Ru (C 3 H5 ) (C 6Me 6 ) CH 3CN}BF 4 46.92 (47 .23) 6.24 (6.06) 
{Ru (C 3H5 ) (C 6 H6 ) t-BuNC}BF 4 43.02 (43.09) 5.14 (5.17) 
{Ru (C 4H7 ) (C 6H6 ) py}BF 4 45.33 (45.01) 4.77 (4 .53) 
{Ru(C 4 H7 ) (C 6 H6 )PPh 3 }BF 4 57.61 (57.65) 5.20 (4.84) 
{Ru(C 4 H7 ) (C 6Me 6 )CO}BF 4 · 47.01 (47 .13) 5.82 (5. 82) 
* previously prepared; a= nitrogen; b =sulphur; c = phosphorus 
~ 
Other 
found (calc.) 
7.43 (7.18) 
6.50 (6.83) 
3.07 (3.24) 
3.61 (3.59) 
3.40 (3.50) 
5.40 (5.31) 
C 
b 
a 
a 
a 
C 
m 
..p. 
' 
a 
complex 
Table 2.4 
3 Solvent Effect on the Chemical Shifts of n -allyl protons 
Solvent anti 
3.02 (d,J=ll) 
3.20(m) 
3.lS(s) 
3. 0 ( m) 
3 .1 (m) 
3.03(s) 
syn 
3.40 (d,J=7) 
3.25 (d,J=7) 
3.28 (d,J=7) 
3.20(m) 
3.43(s) 
3.29(s) 
3.16(m) 
3. 0 ( m) 
3.02(m) 
3 .1 (m) 
3.17(s) 
3.lO(s) 
mesa 
4.09(m) 
3 o55(m) 
3.90(m) 
3.20(m) 
3.16(m) 
3. 0 (m) 
3.02(m) 
3 .1 (m) 
0 Measured at 28 C, and referenced in ppm relative to SiMe 4 . 
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CHAPTER "3 
REACTION OF NUCLEOPHILES W!TH 
3 6 {Ru(n -allyl) (n -arene)L}BF4 COMPLEXES 
3.1 Introduction 
Few examples of isolable organometallic products 
resulting from nucleophilic addition to the n 3-allyl 
ligands of transition metal complexes have been reported. 
Reaction of sodium borohydride and of alkyl lithium 
reagents with 
and -tungsten 
the bis(cyclopentadienyl)allyl - molybdenum 
5 3 
complexes {M(n -CSH5)2(n -C3HS)}PF6 (M = Mo,W) 
generates metallocyclobutane complexes derived from attack 
78 
at the central carbon atom of the allyl group (Eqn 3.1) . 
Another cyclopentadienyl molybdenum complex 
Nu 
> 
Eqn 3.1 
Nu 
H 
Nu - R, H 
M - Mo, W 
5 3 {Mo(n -c5H5 ) (n -c3H5 ) (CO) (NO) }PF 6 reacts with nucleophiles 
to give isolable olEf in complexes (Eqn 3. 2) formed by 
79 
attack at the terminal carbon atom of the allyl group. 
67. 
Nu /Mo Nu > 
ON I C 
~o Eqn 3.2 
Nu 
Nucleophiles react with {Fe(n 3-c 3H5 ) (C0) 4 }+ to 
give free substituted olefins which are probably formed by 
attack at the terminal carbon atom of the allyl ligand with 
80 
subsequent decomposition of the resultant olefin complex. 
Palladium n 3-allyl complexes, which can be 
prepared from a wide variety of olefins, are readily 
. 81 82 
attacked by nucleophiles. ' . The net result of the 
process shown in Eqn 3.3 is the replacement of an allylic 
~ Eqn 3.3 
Nu 
H Nu 
hydrogen in the starting olefin by an alkyl group. 
However, the reaction mechanism has not been fully studied 
and is complicated by the instability of the resultant 
organometallic product derived from the attack of the 
nucleophile on the allylpalladium complex. 
Use of transition metal allyls as intermediates 
in the alkylation of an allylic carbon ~a -carbon to a 
c=c bond) may prove advantageous over lithiation methods 
- OAc 
OMs 
cp 
H 
d 
68. 
in that transition metal complexes have the potential 
to provide stereospecificity. There are many ex~mples 
of exclusive exo attack of nucleophiles on the organic 
ligand of coordinatively saturated transition metal 
7-9 
complexes. Studies of reactions of nucleophiles with 
transition metal allyl complexes, where the organometallic 
product is stable, may serve as model systems to increase 
understanding of the mechanism and possible limitations of 
this synthetically useful reaction. 
Very little work has been published on the reaction 
of nucleophiles with arene ruthenium complexes. Nucleophilic 
attack on coordinated benzene has been observed in the 
' 6 
reaction o.f {Rucl 2 (n -c6H6 )} 2 with cyanide, hydroxide and 
h d 'd . 62b y ri e ions. However the resulting cyclohexadienyl 
complexes were too unstable to be isolated and there was 
l only H N.M.R. spectroscopic evidence for their existence. 
31b There is a recent report of nucleophilic 
addition to cationic arene ruthenium complexes containing 
phosphine and bidentate nitrogen heterocyclic ligands 
(e.g. Eqn 3 .4). Addition occurs exclusively to the arene 
Nu 
> 
Eqn 3.4 
Nu 
H 
Nu - H 
CN 
OH 
at room temperature to form monocationic cyclohexadienyl 
complexes. No further nucleophilic attack was observed 
d 
even at higher temperature. Reaction between 
{ Ruel (n 6 -c6H6 ) (bipy) } + and nucleophiles results in rapid 
.. 31c decomposition 31c It was proposed that there is a 
competition between nucleophilic addition to the coordinated 
arene and nucleophilic substitution of chloride ion at the 
metal (Eqn 3.5). If attack does occur on the arene, t h e n 
Nu 
Nu H 
{ RuCl (n 6 -c6H 6 ) (bipy)} + 
----~) Ru 
N/ j 'c, 
-HCI 
> 
? 
. 
Eqn 3.5 
~Nu- "--N ~ ( 
Ru 
/ ( " N Nu 
~N 
the resulting cyclohexadienyl chloro - co~ plex 
RuCl(n 5-c6H6Nu) (bipy) might be susceptible to reductive 
elimination of HCl; some arene cycloenyl complexes are 
known to undergo a similar reaction to form arene diene 
56 Ru(O) complexes (See Chapter 2) . No examples of isolable 
n
5
-cyclohexadienyl chloro transition metal complexes have 
been reported. 
5 6 + Nucleophilic addition to { Ru (n -c5H5 ) (n -c6H6 ) } 
h b Observed3 lb. I th b 1· d as een n some cases, e enzene igan 
is displaced, but in othe:r:saddition occurs exclusively to 
the arene resulting in the formation of the cyclohexadienyl 
(where Nu= H, OMe). 
Reaction of trimethylphosphine with 
{RuCl( n 6-c6H6 ) (PMe 3 ) 2 } + and ammonium hexafluorophosphate 
d 
10. 
forms a phosphine-substituted cyclohexadienyl complex 
83 (Eqn 3. 6) . 
( Eqn 3. 6) 
> 
Trimethylphosphine adds exclusively to the olefin . 
of the dica tionic ethylene complex -{Ru ( n 6-c6H6 ) (n 
2 
-c2H 4 ) (PMe 3 ) 2 } 
2
+ 
6 2 2+ to form {Ru(n -c6H6 ) (n -c2H4PMe 3 ) (PMe 3 ) 2 } Addition 
of the nucleophile to the coordinated olefin also occurs in 
the reaction of trimethylphosphine with the methyl complex 
6 2 {Ru(CH3) (PMe3) (n -C6H6) (n -C2H4) }PF6 to form 
6 2 85 {Ru(CH3) (PMe3) (n -C6H6) (n -C2H4PMe3) }PF6. The corres-
ponding hydrido-ethylene complex {Ru(H) (n 6-c6H6 ) (n
2
-c2H4 )PMe 3 }PF6 
reacts with trimethylphosphine to form an ethyl complex via 
hydride migration to the olefin and phosphine attack at the 
metal (Eqn 3.7) 85 . 
© 
\ /Ru, 
Et \ P/v\e 3 
Eqn 3.7 
PMe3 
In this chapter the reaction of various nucleophiles 
with cationic allyl arene ruthenium complexes of the form 
3 6 {Ru(n -allyl) (n -arene) L}BF 4 {allyl = 2-propenyl, 
2-methyl-2-propenyl; arene=benzene, hexamethylbenzene; 
L = P(OMe) 3 , CO } is reported. The potential sites for 
C 
7I. 
nucleophilic addition to these complexes are the arene, 
the allyl, the metal atom, or the coordinated ligand, L. 
The results of this work are examined in the light of the 
Mingos, Green, Davies rules 7 for nucleophilic attack on 
coordinated polyene ligands (See Section 1.4). 
3.2 3 6 Reaction of { Ru (n -ally 1) (n -arene) L} BF 4 with 
hydridoborates 
3 6 The reaction of { Ru (n -c3H 5 ) (n -c6Me 6 ) co} BF 4 
with an equivalent of solid sodium borohydride in 
1, 2-dimethoxyethane or tetrahydrofuran at -1s 0 c gives a 
yellow solution. From the reaction mixture a white, 
hexane-soluble, moderately air-sensitive solid can be 
isolated in ca 60% yield. 
Spectroscopic evidence suggests that the product 
is a mixture of three compounds. An infrared spectrum in 
n-hexane contains v(CO) bands at 1947, 1925 and 1904 cm-1 . 
The highest frequency band is the most intense and this is 
also the case for the product isolated under more forcing 
conditions (o0 c with a 5-fold excess of NaBH 4). A mass 
spectrum of the mixture contains as its highest mass peak 
a fragment consistent with the addition of one hydride ion. 
No interconversion of the products in the mixture 
is observed both under reaction conditions or simply as a 
solid or in solution. 
Lithium triethylborohydride reacts with 
{Rµ( n 3-c 3H5 ) (n
6
-c 6Me 6 ) CO }BF 4 at o
0 c in tetrahydrofuran with 
d 
72. 
significant decomposition. The same hexane-soluble 
species are isolated with the complex corresponding to the 
-1 1947 cm v (CO) mode the major product. 
An infrared spectrum of the product mixture in 
a KBr disc contains a band at 2792 cm-l consistent with the 
v (C-H) mode of a hydrogen atom occupying the exo position 
of a cyclohexadienyl complex (See Appendix). 
Proton N.M.R. spectra of the product mixtures 
reveal that the major product is the 1,2,3,4,5,6-hexamethyl-
5 5 3 n -cyclohexadienyl complex { RU (n -c6Me 6H) (n -c 3H5 ) (CO) 
resulting from attack of hydride at the coordinated 
hexamethylbenzene ligand (Eqn 3.8). The methyl proton 
resonances corresponding to the hexamethylcyclohexadienyl 
ligand are present at 1.38 - 1.620 (Table 
{ 3 6 + Ru(n -c3H5) (n -c6~ 6) co} NaBH4 
glyme 
Eqn 3.8 
Me I Me 
Ru ~ "' ' Co \ 
Me He. 
75 % 
10-15 % 
(?) 10% 
d 
73. 
The proton resonances corresponding to the 
methyl group at C-6 occur as a doublet at 1.380 (~HH = 7 Hz), 
and the resonance corresponding to the proton at C-6 appears 
as a quartet at 2.810 . As the methyl group protons 
at C-6 resonate to lower field than l.Oo it is probable 
that this group occupies a position endo to the metal 
( see Appendix) . 
1 Therefore both H N.M.R. and I.R. spectral 
evidence suggests that the major product results from 
hydride attack on the hexamethylbenzene ligand of 
3 6 + {Ru(n -c3H5 ) (n -c 6Me 6)co} exo to the metal. 
By eluting the product mixture on an alumina 
column with hexane ether the complex possessing a V(CO) 
band at 1904 cm-1. in the infrared spectrum of the crude 
product can be separated from the other two complexes. 
Spectral evidence suggests this product is the propene 
complex 1 The H N.M.R. 
spectrum of this complex contains the methyl proton 
resonance of the hexamethylbenzene ligand at 1.826 . The 
proton resonances of the olefin ligand occur as two 
multiplets at~ 1.536 and~ 1.956 corresponding to one 
and five protons respectively. The resonance at 1.536 
is assigned to HA (Fig.3.1) by analogy with the spectrum 
of the allylmethylether complex 
6 2 Ru (n -C6Me6) (n -CH2=CH CH20Me) (CO) (see Section 3. 4). 
The other olefin protons (HB and He) plus the methyl 
protons (H) are assigned to the multiplet at 1.958 . 
D 
74. 
(Fig. 3 .1) 
oc 
The assignment of the olefin protons is consistent with 
that of all the other olefin complexes of the form 
6 2 Ru (n -C6Me6) (n -CH2=CH CH 2Nu) (CO) reported in this chapter. 
(Table 3.4). The mass 6 2 spectrum of Ru (n -c 6Me 6 ) (n -c 3H6) (CO) 
contains the parent molecular ion (PM)+ plus the fragments 
+ + (PM-C 3H6 ) and (PM-CO) . 
The third component of the mixture from the 
· 3 6 } reaction of NaBH 4 with {Ru(n -c 3H5 ) (n -c6Me 6 ) (CO) BF 4 , 
-1 
which corresponds to the v(CO) band at 1925 cm in the 
I.R. spectrum of the product mixture, is tentatively 
proposed to be metallocyclobutane complex derived from hydride 
addition to the central carbon of the allyl ligand (E ·,n.3.8). 
1 The H N.M.R. spectrum of the product mixture contains 
bands assignable to such a complex86 , 87 , 78 b In addition 
to a resonance at 1.690 assignable to the hexamethylbenzene 
methyl protons, twomultiplets of equal intensity are present 
at o.268 and -0.128 consistent with the methylene protons 
HA, HB (Eqn 3.8) of a metallocyclobutane complex (See 
Section 3.9). 
The reaction of sodium borohydride with the 
. 3 6 
2-methyl-2-propenyl complex · {Ru (n -cH 2c [CH 3 J CH 2 ) (n -c6Me 6 ) co}BF 4 
in tetrahydofuran or 1,2-dimethoxyethane produces a white 
microcrystalline hexane-soluble air-sensitive solid. The 
infrared spectrum of this crude product inn-hexane shows two 
75. 
-1 1 
v(CO) bands at 1946 cm and 1900- . The predominant 
product which corresponds to the v (CO) bond at 1946 
is the hexamethylcyclohexadienyl complex 
1 The H N.M.R. 
-1 
cm 
spectrum of the crude product shows that the proportion of 
cyclohexadienyl complex is 90 %. The resonances assignable 
to the methyl protons of the hexamethylcyclohexadienyl 
ligand of this complex occur at similar positions to the 
corresponding resonances of the analogous 2-propenyl complex 
The KBr disc infrared spectrum 
qontains a band at 2788 cm- 1 consistent with a v(C-Hexo) 
mode, demonstrating that nucleophilic attack at the 
hexamethylbenzene ligand occurs exo to the metal. The mass 
+ spectrum contains the parent molecular ion (PM) and the 
fragment (PM-CO)+. 
The minor product, corresponding to the weak 
-1 
v(CO) band at 1900 cm in the crude product mixture may be 
6 . 2 } the 2-methyl-1-propene complex Ru(n -c6Me 6 ) {n -cH 2=c (CH 3) 2 . (CO) 
(Eqn 3.9). The frequency of the v(CO) band is similar to 
6 2 that for the propene complex Ru(n -c 6Me 6 ) (n -c3H6 ) (CO). 
6 2 Of the olefin complexes of the form Ru (n -c6Me 6 ) (n -cH 2=CHCH2NJ){CO) 
reported in this chapter, which are hexane-soluble, all 
exhibit v(CO) bonds within the range 1900-1912 cm-l in 
n-hexane. None of the other products isolated from the 
3 6 
reaction of nucleophiles with {Ru (n -allyl) (n -c6Me 6 ) CO}BF 4 
complexes contain v (CO) bands within 15 cm-l of this region. 
However the only evidence for the 2-methyl-1-propene complex, 
d 
76. 
Ru( n 6 -c6Me6) {n 2 -cH2=C(CH3)2 } (CO), in the 1H N.M.R. 
spectrum of the crude product is a low intensity singlet 
resonance at 1.74 8 , which may lE due to the 
protons of the hexamethylbenzene ligand 
( Eqn 3. 9) 
The trimethylphosphite complex 
Me I 
Ru 
\{ 
Me 
Me Me 
3 6 {Ru(n -c3H5 ) (n -c6Me 6 ) [P (OMe) 3 J }BF 4 does not react with 
sodium borohydride in tetrahydrofu~n at room temperature. 
However, lithium triethylborohydride reacts with the 
trimethylphosphite complex at room temperature to give a 
moderately air-sensitive pale yellow solid 
Ru ( n S -c 6 Me 6 H) ( n 
3 
- C 3 HS) [ P ( OMe) 3 J in ca 4 0 % y i e 1 d . 
decomposition occurs during this reaction. 
Some 
The susceptibility of cationic transition metal 
complexes to nucleophilic attack is reduced when a carbonyl 
ligand is replaced by a tertiary phosphine, an effect 
which has been observed 
show a similar trend. 
in the cycloheptadienyl iron series 
1 (L=CO,PPh 3). The above observations 
d 
77. 
5 3 The mass spectrum of Ru (n -c6Me 6H) (n -c3H5 ) [P (OMe) 3J 
contains the parent molecular ion. The infrared -spectrum of 
-1 this compound contains a band at 2753 cm assignable to a 
v(C-H exo) mode. 
The 1H N.M.R. spectrum contains the methyl proton 
resonances of the hexamethylcyclohexadienyl ligand in the 
region 1.48 - 1.810 . The methyl resonance at C-6 occurs 
at 1.480 as a doublet (JHH=7.5 Hz) and a multiplet at 2.7 o 
is assigned, from selective proton decoupling studies, to 
the proton at C-6. Thu~ both 1H N.M.R. and I.R. spectra 
indicate exo attack of hydride on the arene ligand of 
3 6 {Ru (n -C3H5) (n -C6Me6) [P (OMe) 3] }BF 4 . 
Phosphorus coupling to the methyl protons at 
carbons 1,2,3,4,5 of the cyclohexadienyl ligand is observed, 
. h l h 1 1· b . int e H N.M.R. spectrum, t e argest couping eing to 
those of the methyl group at C-3 '( JPH= 6Hz ) . Coupling of 
the methyl protons of a hexamethylcyclohexadienyl ligand 
with the phosphorus atom of a tertiary phosphine ligand has 
5 88 been reported in the complex Cr( n -c6Me 6H) (CO) (NO) (PPh 3). 
The anti protons of the allyl ligand (Fig 2.2, Chapter 2) 
exhibit a coupling of 12Hz to the phosphorus atom. 
13 5 3 A C N.M.R. spectrum of Ru( n -c6Me 6H) (n -C 3H5 ) [P(OMe) 3 ] 
reveals that the terminal carbons of the allyl ligand are 
coupled to phosphorus (Jpc=8Hz). 
3 6 The benzene complex {Ru (n -c3H5 ) (n -c6H6 ) CO }BF 4 
reacts with sodium borohydride in 1,2-dimethoxyethane at 
o 5 3 
-20 C to form the cyclohexadienyl complex Ru( n -c6H7 ) (n -c 3H5 ) (CO) 
d 
78 . 
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d 
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isolableas a very air sensitive white powder in ca 30 % 
yield. The complex decomposes rapidly above o0 c and 
significant decomposition is evident both during the reaction 
and the work-up. 
The 1H N.M.R. spectrum of this product is shown 
in Fig 3 .2 . The methylene protons of the cyclohexadienyl 
ligand appear as a complex multiplet at 2.78. In the 
infrared spectrum inn-hexane, the carbonyl bond occurs at 
-1 1967 cm . 
+ contains the parent molecular ion (PM) and the fragment 
(PM-CO)+. 
On stirring the trimethylphosphite complex 
{Ru(n 3-c 3H5 ) (n
6
-c6H6 ) [P(OMe) 3 J)}B! 4 with sodium borohydride 
or lithium triethylborohydride in tetrahydrofuran at -20°c 
an unstable product is formed which has not been isolated 
or characterised. 
3.3 3 6 Reaction of {Ru (n -c 3H5 ) (n -arene) L}BF 4 with methylli thium 
3 6 The complex {Ru (n .-c 3H5 ) (n -c6H6 ) CO}BF 4 reacts 
with methyllithium at -20°c in tetrahydrofuran/ether and 
after methan~lysis at -78°c a yellow hexane-soluble oil can 
be isolated. Attempts to isolate crystalline material 
from this oil have not been successful. 
The I.R. spectrum of this product inn-hexane 
contains a band at 1965 cm-land there are no other detectable 
d 
bands . in 
80. 
the region 16QO - 2100 -1 cm The position of 
this band is close to that of the v(CO) ~ode of 
Ru(n 5-c6H7 ) (n
3
-c3H5 ) (CO) and it is suggested that the 
product is the 6-methylcyclohexadienyl complex 
5 3 Ru(n -C6H6Me) (n -C3H5) (CO). 
The reaction of the corresponding hexamethylbenzene 
complex · {Ru(n 3-c3H5 ) (n
6
-c6Me 6 ) (CO) }BF 4 with methyllithium 
at -20°c in tetrahydrofuran/ether or 
1,2-dimethoxyethane/ether also gives an oily product. 
The infrared spectrum inn-hexane contains three bands in 
-1 the carbonyl region at 1947, 1927 and 1904 cm , the first 
being the most intense. The similarity of the positions 
of these v(CO) bands to those of the products of hydride 
3 6 
addition to {Ru (n -c3H5 ) (n -c6Me 6 ) CO}BF 4 permits a 
tentative assignment of these products. The complexes 
corresponding to the carbonyl bands at 1947, 1927, 1904 
are therefore assigned as the heptamethylcyclohexadienyl 
-1 
cm 
5 3 
complex Ru(n -c6Me 7 ) (n -c3H5 ) (CO), the : metallocyclobutane 
complex Ru{CH 2CH(CH 3 )cB 2 }(n
6
-c6Me 6 ) (CO) and the 1-butene 
6 2 
complex Ru(n -c6Me 6 ) (n .-cH 2=CH CH 2cH 3) (CO) respectively . 
Methyllithium reacts with 
{Ru(n 3-c 3H5 ) (n
6
.-c 6H6 ) [P(OMe) 3 ] }BF 4 in J,2.....dimethoxyethane/ether 
to form the 6-methylcyclohexadienyl complex 
Ruui5-c6H6Me) (n
3
-c 3H5 ) [P(OMe) 3], which is isolated as a 
white solid in ca 30 % yield. The mass spectrum of this 
complex shows the parent molecular ion. 
d 
8I. 
1 The H N.M.R. spectrum of this complex, which 
contains a doublet (JHH=7 Hz) at 0.43 0 correspondjng to the 
methyl protons of the cyclohexadienyl ligand, is consistent 
with the methyl group occupying a position exo to the 
metal (See Appendix). Infrared spectral evidence supports 
the above assignment as there are no V(C-H) bands below 
-1 2840 cm in the infrared spectrum. 
· 3 6 } 3.4 Reaction of {Ru(n -c 3H5 ) (n -c 6Me 6 )co BF 4 with sodium 
methoxide. 
six equivalents of sodium methoxide in methanol for six 
0 hours at 20 C, the white moderately air-sensitive 
6 2 
allylmethylether complex Ru(n -c6Me 6 ) (n -cH 2=cH CH 20Me) (CO) 
is isolated in ca 50% yield (Fig.3.3) This complex is 
formed by nucleophilic addition of methoxide ion to the 
terminal carbon atom of a n 3-allyl ligand. 
oc Nu - nucleophile 
H (Fig.3.3) 
Nu 
The 1 H N.M.R. spectrum of this complex is shown 
in Fig.3.4. The olefinic protons appear as multiplets at 
Fig 3.4 
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'\, 1. 560 (IH) and 'v 2. lO o (2H) . The methylene protons (HD,HE) 
at the allylic position of the olefin (Fig.3.3) are 
diastereotopic and occur at 4.226 and 3.346 . Selective 
proton decoupling studies reveal that HD and HE are strongly 
coupled to at least one of the protons with a resonance 
centred at 2.106, but not detectably coupled to the- proton 
corresponding to the resonance at 1.550. 
The spectrum of the olefinic protons is non first 
order and the only coupling constant obtainable from 
selective decoupling experiments is the germinal coupling 
between HD and HE of lOHz. 
It is probably reasonable to assume, by comparison 
with other transition metal olefin complexes, that JAD' 
JAE' JBD' JBE are all less than 1Hz 89 . Based on this 
assumption the two proton resonance at 2.lOo can then be 
assigned to He and to either HA or HB. As polymethylated 
aromatic ligands are suggested (see Section 3. 5) to shield 
adjacent olefin protons, HA is assigned to the proton 
resonance at 1.556. 
6 2 The mass spectrum of Ru (n -c6Me 6) (n -cH 2=cH CH 20Me) (CO) 
shows the parent molecular ion (PM)+ and the fragment (PM-CO)+. 
The infrared spectrum inn-hexane of the crude 
product from the reaction of sodium methoxide with 
3 6 {Ru (n -c3H5) (n -c6Me 6 ) CO}BF 4 in methanol contains an intense 
v(CO) band at 1907 cm-l arising from the allylmethyl ether 
-1 
complex and a weak band band at 1631 cm The latter band 
is assigned to the v(CO) mode of the isomeric methoxycarbonyl 
d 
complex Ru (n 3 -c3H5} (co2Me) (n 
6
-c 6Me 6 ) formed 
attack at the carbonyl ligand (Fig 3.5). 
by methoxide 
Me Me 
M~:e 
Fig 3 .5 
Ru o \: / ~~ 
~ bMe 
' 
The methoxycarbonyl cqmplex can be isolated as 
the major product by stirring six to ten equivalents of 
NaOMe.MeOH with {Ru(n 3-c3H5 ) (n
6
-c6Me 6 )co}BF 4 in ether for 
0 18h at 20 C. 1 The H N.M.R. spectrum in c6o6 (Fig 3.6) 
contains the allyl proton resonances as multiplets at 
2.500 (4H) and 3.088 (lH). Ne~r chemical shift equivalence 
of the anti and syn protons of the allyl group is also 
3 6 
observed for the chloro complex Ruel (n -c3H5 ) (n -c6Me 6 ) 1.n 
benzene (.Table 2.2). In a 13 c N.M.R. spectrum of 
Ru (n 3 -c3H5 ) (co2Me) (n 
6 
-c 6Me 6 ) the terminal and central 
carbons 6f the allyl ligand resonate at 30.2 ppm and 84.5 ppm 
respectively. 
The 1H N.M.R. spectrum of the crude hexane-soluble 
product of the reaction of NaOMe.MeOH with 
{ Ru (.n 3 -c3H 5 ) (n 
6 
-c6Me 6 ) co} BF 4 in ether also contains resonances 
assignable to a minor product as indicated in Fig 3.6. 
The I.R. spectrum of this product mixture inn-hexane, . in 
the region 1600-2000 cm-l contains a strong V(CO) band at 
-1 3 6 1631 cm from the carbonyl ligand of Ru (n -::-C 3H5 ) (co2Me) (11 -c6Me6) 
-1 
and a weak band at 1963 cm corresponding to the minor 
product of this reaction. No carbonyl band corresponding to 
6 2 the allylmethylether complex Ru (n -c6Me 6 ) (n -cH 2=CH CH 20Me) (CO) 
is observed. 
d 
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h . . 3 6 From t e reaction of {Ru (n -c 3H5 ) (n -c6Me 6 ) CO }BF 4 
with methanol-free sodium methoxide in tetrahydrofuran, the 
complex which gives rise to the 1963 cm-l v(CO) band in 
the I.R. spectrum is the sole product. A more convenient 
synthesis of this product uses potassium t-butoxide instead 
of sodium methoxide. The product is the 
5 5 3 pentamethyl- n -benzyl complex Ru (n -c6Me 5cH 2 ) (n -c3H5 ) (CO) 
resulting from proton abstraction from one of the methyl 
substituents of the hexamethylbenzene ligand (Fig 3.7). 
The mass spectrum shows the parent molecular ion (PM)+ and 
+ the fragment (PM-CO) . 
Fig 3.7. 
A similar proton abstraction occurs in the reaction 
of the cationic cyclopentadienylhexamethylbenzene iron 
complex with potassium t-butoxide to generate the isolable 
5 · 5 5 pentamethyl-n -benzyl complex Fe (n -c 6Me 5cH 2 ) (n -c5H5 ) 
44 (Eqn 1.19) . An x-ray crystal structure determination 
h f . d th . f l t . 4 4 b as con irme is ormu a ion . 
l 5 The H N.M.R. spectrum of the pentamethyl-n -benzyl 
ruthenium complex Ru(n 5 -c6Me 5cH 2 ) (n
3
-c3H5 ) (CO) is shown in 
Fig 3.8 ; . The proton resonances of the methyl substituents 
of the benzyl ligand appear as three singlets fil.39(3H), 
ol. 46 (6H) and 8 2 ~0.2 (6H). The exocyclic methylene protons 
appear as a singlet at 3.938. The corresponding methylene 
rd 
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resonance in occurs at 3.60cS. 44 
5 3 The benzyl complex Ru(n -c 6Me 5cH 2 ) (n -c_3H5 ) (CO) 
can only be isolated in the absence of protic solvents. 
It reacts with methanol within 15 minutes to give mainly 
3 6 6 2 
Ru (n -C3H5) (C02Me) (n -C6Me6) and Ru (n -C6Me6) (n -CH2=0ICH2~) (CO). 
in CD 30D hydrogen-deute~ium exchange occurs and the complexes 
3 6 Ru (n -C3H5) (C02C~,3) [n -c6 (CD3) 6] (CO) and 
Ru [n 6 -c 6 (ar 3 ) 6 ] (n
2
-cH 2 =cH CH 2ocn3 ) (CO) are isolated. 
Proton N.M.R. and mass spectrometry show that on average 
seventeen of the eighteen arene methyl protons exchanged with 
0 CD 30D within three hours at 20 C. 
Reversible H-D exchange is also observed under 
mild con di ti,ons . When {Ru(n 3 -c3H5) (n 6 -c6Me6)CO}BF4 is 
stirred with a suspension of sodium carbonate in CD 30D at 
20°c for 18h on average sixteen arene methyl protons are 
exchanged for deuterium to generate 
{Ru(n 3-c 3H5 ) [n
6
-c
6
(co3 ) 6 ]CO}BF 4 in greater than 80% yield. 
A mechanism which accounts for H-D exchange, the 
5 formation of the pentamethyl-n -benzyl complex, and the 
regeneration of the cationic ruthenium complex when only 
small amounts of base are present involves a simple rapid 
deprotonation of {Ru(n 3 -c3H5 ) (n
6
-c6Me 6 )CO}BF 4 and rapid 
5 3 protonation of Ru(n =C 6Me 5cH 2 ) (n -c 3H5 ) (CO) as depicted in 
Eqn 3.lQ 
5 3 
+ -(lvle ~ Ru(n -C6Me5CH2) (n -C3H5) (CO) + 
MeCH 
(Eqn 3 -10) 
89 •. 
The benzyl complex can form by simple proton 
abstraction by the base (pathway (a); Scheme 3.1) or by 
initial attack of the base on the arene ligand, followed 
by elimination of the conjugate acid (pathway (b); Scheme 3.1). 
Scheme 3.1 
The reaction probably proceeds via pathway (a) 
but one example of the type (b) reaction has been 
47 
reported . The initial product isolated from the reaction 
of sodium methoxide with 6-methylene-n 5-cycloheptadienylirontri-
4 
carbonyl tetrafluoroborate is 5-methoxy-7-methylene-n -cyclohep-
tadieneirontricarbonyl which eliminated methanol to form the 
4 47 7-methylene-n -cycloheptatriene irontricarbonyl complex (Eqn 1.2.] 
The conditions which govern the generation of 
3 6 Ru(n -c 3H5 ) (co2Me) (n -c6Me 6 ) and 
6 2 Ru(n -c6Me 6 ) (n -cH 2=CH CH 20Me) (CO) are not entirely clear. 
After 24 hours at 25°c in benzene ca 90% of 
Ru(n 3-c 3H5 ) (co2Me) (n
6
-c6Me 6 ) isomerises to 
6 2 
Ru (n -C6Me6) (n -CH2=CH CH20Me) (CO). The isomerization can 
d 
go. 
be monitored by I.R. spectroscopy. During the conversion 
of the methoxycarbonyl complex into the allylmethylether 
complex inn-hexane there is an initial build-up of 
5 3 Ru(n -c6Me 5cH 2 ) (n -c 3H5 ) (CO) which reaches its maximum 
concentration after ca 1 hr. This then diminishes to an 
approximately steady-state concentration as the concentration 
of the allylmethylether complex builds up. At the same 
time, the concentration of the methoxycarbonyl complex 
steadily decreases. 
Further evidence for the formation of the 
pentamethylbenzyl 
3 Ru ( n - C 3 HS) ( C 02 Me ) 
complex during the conversion of 
6 ( n -c6Me 6 ) to 
6 · 2 Ru(n -c6Me 6 ) (n -cH 2=cH CH 20Me) (CO) in solution at room 
temperature is that in co3oD complete H-D exchange of the 
arene ligand methyl protons occurs before there has been 50% 
conversion of the methoxycarbonyl complex to the allylmethylether 
complex. 
A reaction mechanism which accounts for the 
formation of the products isolated from the reaction of 
sodium methoxide with {Ru(n 3-c3H5 ) (n
6
-c6Me 6 ) (CO) }BF 4 is shown 
in Scheme 3.2 The species "{Ru(n 3-c3H5 ) (n
6
-c6Me 6 )cO }OMe" 
is proposed as an intermediate from which all the observed 
products can be formed. For such a mechanism to fit the 
A possible explanation for the instability of the 
methoxycarbonyl complex in solution is that the carbon-oxygen 
gr. 
ester bond of the methoxycarbonyl ligand is very weak and 
there is an equilibrium between an intermediate cationic 
3 6 
complex "{Ru(n -c3H5 ) (n -c6Me 6 )CO}OMe" and 
Ru Cn 3 -c3H5 ) (co2Me) (n 
6
-c6Me 6 ) as depicted in Eqn 3 .11. 
Formation of the methoxycarbonyl complex is - favoured 
Eqn 3.11 
by the presence of a large excess of methoxide ion in 
nonpolar solvents such as ether and tetrahydrofuran but 
the equilibrium shifts to 
in the absence of excess methoxide ion or the presence of 
a polar protic solvent such as methanol. 
The ready breakage of the ester bond of an 
alkoxycarbonyl transition metal complex has previously been 
proposed to explain the solution infrared and 1H N.M.R. 
spectr~ of the cyclopentadienyl iron complexes 
( R= Me , i - Pr) . 90 
The reversibility of the formation of 
6 2 Ru(n -c6Me 6 ) (n -CH 2=CH CH 20Me) (CO) is evidence by the 
formation of Ru [n 6-c6 (CD 3 ) 6 J (n
2
-cH 2=cH CH 2ocn 3 ) (CO) when 
the former is dissolved in CD 30D. Exchange could proceed 
via protonation of the allylmethylether ligand and loss 
of methanol to generate "{Ru (n 3-c3H5 ) (n
6
-c6Me 6 ) CO }OMe" which 
could subsequently react via any of three pathways (Eqn 3.12) 
92. 
Scheme 3.2 
M (·; ·:: Me 
. . -
MeOH ... 
Me I Me 
Ru -OMe 
/ --
~M: 
H 
~H 
( Eqn 3 .12) 
After stirring Ru(n 3-c3H5 ) (C0 2Me) (n
6
-c6Me 6 ) in 
ethanol at 2s0 c for 4h a pale yellow hexane· soluble solid is_ 
isolated. The solution infrared spectrum contains only 
one band in the region 1600-2000 cm-lat 1910 cm- 1 . The 
1 H N.M.R. spectrum is consistent with an allylethyl ether 
complex Ru( n 6-c6Me 6 ) (n
2
-cH 2=CH CH 20E~) (CO), there being no 
evidence for the presence of an alkoxycarbonyl complex. 
The parent molecular ion [PM]+ is detectable in the mass 
d 
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+ spectrum and the fragment [PM-CO] is also present. 
3.5 3 6 ;Reaction of {Ru(n -c3H5 ) (n -c6H6 )CO}BF 4 with sodium 
methoxide. 
3 6 The reaction of {Ru(n -c3H5 ) (n -c6H6 ) (CO}BF 4 with 
an excess of sodium methoxide in methanol or tetrahydrofuran 
at o0 c generates the air-sensitive white methoxycarbonyl 
complex Ru(n 3-c3H5 ) (co2Me) (n
6
-c6H6), which can be isolated 
in ca 50% yield. - The 1H N.M.R. spectrum of this product 
(Fig.3.9. ) contains the allyl proton resonances in an AM 2x2 
pattern at 83.91 (lH), 83.28 (2H), 82.35 (2H) and the methoxy . 
group protons at 3.568 the last mentioned in the same position 
as 1n the analogous hexamethylbenzene complex 
3 6 Ru(n -C3H5) (C02Me) (n -C6Me6). 
At 28°c in c 6n6 , it rearranges in less than 45 
minutes to the allylmethylether complex : ,• ~ I 
Ru (n 6 -c6H6) (n 2-cH2=CH CH20Me) (CO)) as is evidenced by 
1H N.M.R. spectral studies (Fig 3 . . 9'. ~ 3.11). No rearrangement 
occurs in the presence of excess sodium methoxide. 
This isomerisation has also been monitored by 
infrared spectros:copy in ether. -1 A band at 1638 cm 
corresponding to the v(CO) mode of the methoxycarbonyl complex 
disappears rapidly at room temperature to be replaced by the 
corresponding band of the allylmethylether complex at 193lcm-1 . 
At o0 c in ether no rearrangement occurs over 18h. 
94 . 
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• Fig 3.10 1 2 6 H N .M.R. spectrum of Ru (n -C3H5 ) (C02Me) (n -C6H6 ) 
6 2 
rearranging to Ru(n -c6H6 ) (n -cH 2=CHCH 2 0Me) (CO) 
d 
96. 
4 3 2 
Fig 3.11 
97. 
The mechanism of the reaction of sodium methoxide 
· 3 6 
with {Ru(n -c3H5 ) (n -c6H6 )co} BF 4 (Scheme 3.3) may be similar 
to that for the corresponding reaction with the analogous 
OMe 
Ru 
~ 
h~exarnethylbenzene complex { Ru (n 3 -c3H 5 ) (n 
6 
-c6Me 6 ) CO} BF 4 . The 
species ('{RuCn 3-c3H5 )_ (n
6
-c6H6 )CO}OMe", is postulated as an 
intermediate in the conversion of the methoxycarbonyl complex 
to the allylmethylether complex. 
can be isolated as a white air-sensitive powder and has been 
charqcterised by spectroscopic methods. The mass spectrum 
contains the parent molecular ion and the infrared spectrum 
inn-hexane contains one intense v (CO) band at 1932 cm- 1 . 
98 . 
1 In the H N.M.R. spectrum of 
Ru(n 6-c6H6 ) (n
2
-CH 2=CH CH 20Me) (CO) two species are present 
in the 2:1 ratio. In addition to two coordinated benzene 
resonances at 4.93 6 , 5.026 there are two methoxy proton 
resonances at 3.326 and 3.386. The coordinated benzene 
ligand of both species exchanges with c6 D6 at the same rate, 
indicating either that the two compounds are similar or that 
they are interconverting. The exchange of c6 D6 for the 
. in 
c6 D6 occurs rapidly and 50% conversion is observed in ca 190 
minutes at 28°c. 
These two species may be the isomers A and B 
(Fig 3.12); resulting from restricted rotation about the metal 
olefin bond. This proposal is reasonable because restricted 
rotation about the metal-olefin bond at room temperature is 
observed in related systems, e.g. in the ethylene complex 
Fig 3.12 
( B ). E 
Nu Nu 
6 2 Ru(n -c6Me 6 ) (n -c2H4 ) (PMe 3 ) two multiplets corresponding 
85 to the ethylene protons are present at ambient temperature. 
6 2 In the bisethylene complex, Ru (n -c6Me 6 ) Cn -c2H4 ) 2 , 
coalescence of the ethylene protons is not observed even up 
to 116°c. 81 
99. 
Assignment of the proton resonances of the 
allylmethyl ether ligands of the isomers of 
6 2 Ru(n -c6H6 ) (n -CH 2=CH CH 20Me) (CO) is complicated by overlap 
of resonances and non first-order splitting patterns. 
However, integration allows ready assignment of most resonances 
to the major or minor isomer. It is · not possible to deduce 
which conformation corresponds to the major isomer. 
The assumption is made that the major isomer 
corresponds to configuration A. This assumption is supported 
by the detection of only one conformer in the 1H N.M.R. 
spectrum of the analogous hexamethylbenzene complex 
Presumably the increase 
in size of the arene ligand results in destabilization of a 
configuration analogous to Bin Fig 3.1~. 
6 2 If the only isomer of Ru (n -c6Me 6 ) (n -cH 2=rnrn2CMe) (CO) 
and the major isomer of Ru(n 6-c6H6 ) (n
2
-cH 2=CH CH 20Me) (CO) both 
exist in configuration A then as the methylene protons HD and 
HE are removed from the environment of the metal or other 
ligands then their respective protons should resonate at 
similar field. The lowest field proton of both these isomers, 
assigned arbitrarily as HE, do appear within 0.02 ppm of each 
other. 
A comparison of the chemical shifts of the protons 
6 2 HB, He between Ru(n -C6Me6) (n -CH2=CH CH20Me) (CO) and the 
two isomers of Ru(n 6-c6H6 ) (n
2
-cH 2=CH CH 20Me) (CO) reveals that 
there is a general shift to lower field of the olefin protons 
as the arene is changed from hexamethylbenzene to benzene. 
IOO. 
A clearer indication of the major shielding effects 
operating can be seen from a comparison of the spectra of the 
pentamethylcyclopentadienyl and cyclopentadienyl bis(ethylene) 
. 5 2 92 
rhodium complexes Rh(n -c5R5) (n -c2H4) 2 ( R = H, Me). While 
one multiplet corresponding to two ethylene protons occurs 
at ~l.3o in both complexes the other multiplet appears at 
3. 088 for Rh(n5-c5H5) (n
2
-c2H4) 2 and 1. 770 in Rh(n
5
-c5Me5) (n
2
-c2H4) 2. 
This dramatic shielding effect is assumed for this discussion, 
to occur to the ethylene protons adjacent to the "aromatic" 
ligand. 
This information can be used to assign tentatively 
theolefinic resonances of the isomers of 
6 2 Ru(n - C61i3_) (n - CH2 = CH CH2 OMe) (CO). Comparison of the chemical 
shifts of these protons of the major isomer (Fig 3.121 with 
6 2 those of the only isomer of Ru (n - c6 Me6) (n - CH2 = CHCH20Me) (CO) 
suggests that the chemical shift of HB . is similar in both 
complexes. In addition, HA and He are at lower field in 
the benzene complex than in the hexamethylbenzene complex 
(Table 3.4). 
3. 6 3 6 Reaction of {Ru (n - c3H5) (n - arene) (CO) }BF 4 with sodium 
dimethyl amide 
3 6 A suspension of {Ru(n - c3H5) (n - c6Me6) CO}BF4 reacts 
0 
with dimethylamine in tetrahydrofuran at -20 Cover a period 
of lh to form a yellow solution, there being no unreacted 
starting material after this time. However when the solvent 
IOI. 
is removed at -1s 0 c, the starting material is regenerated. 
This reaction has not been further investigated. 
Under similar conditions, using sodium dimethylamide, 
in tetrahydrofuran in the absence of dimethylamine, the 
pentamethyl-n 5-benzyl complex Ru(n? - c6Me5CH2) (n_
3 
- c3H5) (CO) is 
isolated in ca 50% yield. The infrared spectrum of the crude 
product inn-hexane shows the presence of a minor product 
with a carbonyl absorption at 1907 cm- 1 . The yield of this 
product is increased to ca 70% using NaNMe 2 in the presence 
of an excess of dimethylamine. The benzyl complex is not 
detected under these conditions. 
1 The H N.M.R. of the second product is consistent 
with the formulation Ru(n 6 - c 6Me6) (n
2 
- CH2 = CHCHf:t-ie2)'.co) 
(Table 3.4. ). The olefin protons HA, HB' He (Fig 3.3) resonate 
at similar positions to those in the analogous allylmethyl 
6 2 
ether complex R u(n - c 6Me6) (n - CH2 = CHCH2CMe) (CO) (see Table 3. 4) 
The mass spectrum of the allyldimethylamine complex contains 
the parent molecular ion {PM}+ and the fragment {PM - CO}+. 
Reaction occurs readily between 
3 6 {Ru(n - c3H5) (n - c6H6)CO}BF4 and sodium dimethylamide in the 
presence of excess dimethylamine at -20°c in tetrahydrofuran. 
However the hexane-soluble material is very unstable at o 0 c 
and could not be characterised. 
3. 7 3 6 Reaction of {Ru(n - c3H5) (n - arene) CO}BF4 with sodium 
dimethylmalonate 
Reaction of sodium dimethylmalonate ~ with 
102. 
3 6 + {Ru (n - c 3H5) (n - c 6Me6) (CO)} in approximately equimolar 
amounts in tetrahydrofuran at -20°c forms exclusively the 
olefin complex Ru(n6 - c 6Me6) {n
2 
- CH2 = CHCH2CH (COf1e) 2} (CO), 
which can be isolated as a white, moderately air-sensitive 
solid in ca 50% yield. The mass spectrum contains the parent 
mol ecular ion {PM}+ and the fragment {PM - CO}+. 
H\ [M] /e 
0 
He:. H---- 3~ 0 ~ H~C4~1 
C ~~ Fig 3.13 [ M] =(arene)(CO) 
As shown in Fig 3.13 the methylene protons H0 and 
HE of the coordinated ligand are inequivalent as also are ~ 
the ester groups attached to C-4. 
1 The H N.M.R. spectrum of 
-
6 2 Ru(n - c 6Me6) {n - CH2 = CHCH2CH(COf1e)2} (CO) contains two singlets, 
of equal intensity at 3.326 and 3.466, corresponding to the 
methoxy protons of the diastereotopic ester groups. 
Selective proton decoupling indicates that although HF is 
coupled strongly to HE coupling between HF and the other 
methylene proton, H0 , is not detectable (less than 1 Hz). 
The olefinic proton resonances have similar chemical 
I03 •. 
shifts and give rise to a complex non first-order pattern 
owing to their strong coupling with each other and the 
methylene protons. 
The expected inequivalence of the two ester groups 
is not apparent in the 13c N.M.R. and I.R. spectra. The 
13 C N.M.R. spectrum contains only one resonance for the 
ester carbonyl carbons c5 , c 6 and one resonance for the 
methoxy carbons (Table 3.5). The infrared spectrum contains 
only one band corresponding to an ester v (CO) mode at 
1733 -1 cm • 
The benzene complex 
6 2 Ru(n - C6H6) {n - CH2 = CHCH2CH(CO~e) 2 } (CO) forms from 
3 6 {Ru(n - c3H5 ) (n - c6H6 )CO} BF 4 and sodium dimethylmalonate 
under similar conditions to those used to obtain the analogous 
hexamethylbenzene complex. The pale yellow air-sensitive 
solid is isolated in ca 25% yield after recrystallization 
from ether-hexane. 
1 The H N.M.R. spectrum shows the presence of two 
isomers in the ratio of 3:1 (Fig 3.14). The chemical shifts 
of the olefinic proton resonances (HA, HB, He) of the major 
isomer are similar to those of the major isomer of 
6 2 Ru(n - c6H6) (n, - rn2 = CHCH2CMe) (CO). The proton resonances of 
the olefin ligand of the minor isomer can only be assigned 
tentatively (Table 3.4). Four methoxy proton resonanc£s 
corresponding to the two inequivalent ester groups of each 
I04 . 
H" 
OCH 
HF" 
t-
6 
6 5 4 3 2 
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I05. 
of the two isomers appe ar at 3.48 0 , 3.45 0 , 3.39 0 , 3.37 0 of 
relative intensity 3, 1, 1, 3. 
The infrared spectrum of 
6 2 Ru(n - C6H6) {n - CH2 = CHCH2CH (C02Me)2}(CO) contains bands 
at 1740 cm-l and 1723 cm-l corresponding to the ester v (CO) 
modes. It is probable that one ester y (CO) band is associated 
with each isomer and that again the inequivalence of the ester 
group is not distinguished by this technique. The mass 
spectrum contains the parent molecular ion 
fragments corresponding to {PM - CO}+, {PM 
+ {PM - {C 3H5CH(C0 2Me) 2 } - CO} • 
+ { PM-}-, and the 
+ 
- CH - CO} 6 6 
3.8 Reactions of {Ru(n 3 - c 3H5 ) (n
6 
- arene) CO} BF 4 with 
sodium cyanomethylacetate 
and 
with sodium cyanomethylacetate to give a pale yellow, 
microcrystal line solid Ru(n6-c6Me6) {n
2
-CH2 = CtlCH2CH(CN)COf1e} (CO) 
in ca 50% yield. The mass spectrum of the product contains 
the parent molecular ion {PM}+ and the fragment {PM - CO}+. 
1 . 
The H N.M.R. spectrum is consistent with the 
presence of diastereomers resulting from the introduction of 
a second chiral centre at C-4 · in addition to that generate d 
by metal-ol e fin coordination. Two ·_·resonances are detectable for 
both the methyl arene and methoxy groups. Both sets of resonances 
occur with a rela ti ye in.:tensi ty of 4 to 1. In addition 
selective decoupling of the multiplet corresponding 
--
I06. 
to HE(~2.66o) simplifies the multiplet of HF (~4.0o) to two 
singlets of relative intensity 4:1. The fact that HF is 
coupled to only one of the methylene protons H0 , HE -is 
consistent with what is observed in the 
Fig 3 .15 
[M) =( hmb)(CO) 
The infrared spectrum of 
6 2 Ru(n - C6Me 6 ) {n - CH 2 = CHCH 2CH(CN)C0 2Me} (CO) contains 
-1 
one V (CO) mode at 1745 cm assigned to the ester group and 
a v (CN) band at 2249 cm- 1 • 
3 {Ru(n 
The reaction of sodium cyanomethylacetate with 
6 c3H5 ) (n - c 6H6 ) CO} BF 4 , under similar conditions 
to the above reaction, gives a yellow oil which has not been 
characterised. 
3.9 3 6 Reaction of {Ru (n - c3H5) (n - arene) CO} BF 4 with potassium 
cyanide 
From the reaction of {Ru (n3 - c3H5) (n 
6 
- c6Me6) CO}BF 4 
with potassium cyanide in methanol at -3o 0 c an ether- soluble , 
IO?. 
4 3 2 0 
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Fig 3.16 l 6 H N .M.R. spectrum of Ru { CH 2 CH (CN) CH 2 } (n -c6Me 6 ) (CO) 
--
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air sensitive pale yellow solid is isolated in ca 45 % yield. 
Spectroscopic evidence shows that this product contains two 
complexes in the ratio 4:1. If the reaction is carried out 
under similar conditions at 25°c the ratio of the two complexes 
is 2:1, with the same species predominating although the 
overall yield is similar. 
1 The H N.M.R. spectrum of the product mixture 
(Fig 3.lG) suggests that the major product is the 
l --i 6 
metallocyclobutane complex Ru{CH2CH(CN)C.B2} (n - c6Me6) (CO) 
resulting from nucleophilic attack of cyanide at the central 
allylic carbon atom (Fig 3.17-). In addition to the methyl 
arene 
NC (Fig 3 . 17 ) 
proton resonance at 1.556 the · major product also contains 
16!_ 22, 23. 
resonances consistent with the ruthenacyclobutane fragmenc. 
The methylene protons HA, HA and HB, HB · appear as multiplets 
at 0.206 and 0.866 respectively while He occurs at 3.036. 
Protons HA, HB occur at much higher field than in any re;;qnances of 
6 2 the olefin complexes Ru(n -c6Me6) (n -CH2=CHCH2Nu) (CO). A methyl 
109. 
arene resonanc e corre sponding to the minor product is pre s en t 
at 1.80 8 . However other proton resonances corresponding t o 
the minor product have not been resolved. 
The mass spectrum of the product mixture contains 
as its highest mass peak a fragment consistent with the 
parent molecular ion {PM}+ of the major product and the 
+ + fragments {PM - CO} , {PM - {CH 2CH(CN) CH 2 }) • 
The I.R. spectrum of the product mixture in 
n-hexane contains a strong band at 1959 cm-land a medium 
-1 intensity band at 1912 cm corresponding to the y (CO) modes 
of the major and minor products respectively. The minor 
product is suggested to be the allylcyanide complex 
Ru(n 6 - c 6Me 6 ) (n
2 
- CH 2 = CHCH 2CN) (CO) as the frequency of 
its v(CO) band is very similar to those of other 
Ru(n 6 - c 6Me 6 ) (n
2 
- CH 2 = CHCH 2 Nu) (CO) complexes (Table 3 .4). 
The benzene complex {Ru(n 3 - c 3H5 ) (n 6 - c 6H6 ) CO} BF 4 reacts 
with potassium cyanide at -20°c in methanol to form a hexane 
soluble, air and temperature sensitive, pale yellow solid in 
~ 20% yield after recrystallization from ether. 
1 The H N.M.R. spectrum of this product suggests 
that it should be formulated as the 6-cyanocyclohexadienyl 
complex Ru (n 5 - c 6H6CN) ( n
3 
- c 3H5 ) (CO) (Table 3. 3). The C-6 
proton resonance overlaps with those of protons at C-1, C-5 
and appears as a multiplet ca 3.2 8 . The allylic protons 
- .-
appear as an AM 2x2 pattern at 3.SO o (lH), l.95 o (2H), l.07 o (2H) 
IIO. 
corresponding to the mesa, syn and anti protons respectively 
(See Chapter 2). 
The mass spectrum of the complex contains the parent 
molecular ion. An infrared spectrum of the product in a KBr 
disc contains no ~-(C-H) bands below 2850 cm- 1 . Thus the 
absence of a band assignable to V(C -H ) is consistent with 
exo 
nucleophilic addition occurring exo to the metal. 
Other products may be formed in this reaction in 
view of the low yield and the fact that significant decompo-
sition occurred both during the reaction and on extraction 
of the product. 
3.10 Summary 
The products isolated from the reaction of various 
anionic nucleophiles with {Ru(n 3 - c 3H5 ) (n
6 
- arene)L1 BF 4 
are summarized in Table 3.1. 
1 The H N.M.R. and the I.R. spectra of the 
cyclohexadienyl complexes Ru(n 5 - c 6R6Nu) (n
3 
- allyl) 
{R =Hor Me; Nu= H, Me, CN; L = CO, P(0Me) 3 }, are consistent 
with exclusive attack of the nucleophile exo to the metal . 
In Section 3.5 it was shown that at room temperature 
the benzene complex Ru(n 6 - c 6H6 ) {CH 2 = CHCH 20Me}(CO) contains 
two isomers (presumably olefin rotamers), whereas the 
III. 
hexamethylbenzene complex shows no such isomerism. It was 
suggested that steric factors are responsible for this 
-
difference. Some support for this assumption can be seen 
from the distribution of isomers A and B (Fig 3.12) for all 
TABLE 3.1 
+ Site of Nucleophilic Attack on {Ru(n 3 -allyl) (n 6 -arene) L.} 
Complexes 
Complex Nucleophiles 
- -CN H Me OMe NMe2 CH(CO~e) 2 CH(CN)C02Me 
+ * * *** {Ru(C3H5) (C6Me6)CO} be abc abc bd b b b 
+ * {Ru(C4H7) (C6Me6)CO} ab 
+ {Ru(C3H5 (c6Me6){P(OMe) 3}} a 
+ * {Ru(C3H5) (C6H6)~0} a a a bd b 
+ {Ru(C3H5) (C6H6){P(OMe) 3}} a 
a= arene; b = terminal carbon of allyl; c = central carbon 
of allyl; d = carbonyl; * tentative assignment 
the isolated Ru (n 6 -arene) (n 2 -CH2= CHCH2Nu) (CO) complexes. Whereas in 
Ru(n 6 -C 6H6 ) (n
2
-CH 2=CHCH 20Me) (CO) the ratio of isomers is 2:1, 
in Ru(n 6 -C6H6) {n 2 -CH2=CHCH2CH(C02Me)2}(CO)' with a bulkier 
substituent on the olefin ligand, the ratio of the isomers is 
now 3:1. Furthermore only one of these isomers can be detected 
in the 1 H N.M.R. spectra of all the Ru(n 6 -C~e6) (n
2
-CH2=CHCH2Nu) (CO) 
complexes. 
TABLE 3. 2 
Infrared and Mass Spectral Data of the Nucleophilic Addition Products 
-1 Mass Spectra (a.m.u.). Complex I.R.(cm ) 
\J ~ C-H) a ~(CO)b \J (a)) C \J (CN) {PM}+ {PM-CO}+ 
Ru(C 6Me6H) (C 3H5 ){P(OMe)3} 2753 430 
Ru(C6Me 6H) (C 3H5 ) (CO) 2792 1947 334 
Ru(C6Me 6H) (C 4H7) (CO) 2788 1946 348 320 
Ru (C6H6Me ) (C 3H5 ) {P (OMe) 3} 2840 360 
Ru (C6H7) (C3Hs) (CO) 1966 250 222 
Ru(C6H6CN) (C 3H5 ) (CO) 2852 1956a 2214a 275 
1980 
Ru (C6Me 6) (C 3H 6) (CO) 1904 334 
Ru(C 6Me 6) (C 3H50Me) (CO) 1907 364 336 
Ru(C6Me 6) (C 3H50Et) (CO) 1907 378 350 
1882a 
I 
Ru(C6Me 6) (C 3H5NMe 2 ) (CO) 1907 377 349 
1877a 
H 
Ru(C 6Me 6){C 3H5CH(C02Me) 2}(CO) 1878a 1733a 
H 
464 436 I\) 
~ 
~ 
Ru(C 6Me 6 ){C 3H5CH(CN)C02Me}(CO) 1908 
1868a 
Ru(C 6Me 6 ){CH2CH(CN)CH2}(CO) 1959 
1914a 
Ru(C 6H6 ) (C 3H5a.1e) (CO) 1932 
Ru(C 6H6 ){C 3H5CH(C02Me) 2}(CO) 1885a 
Ru (C 3H5 ) (C02Me) (C5H5) 1638 
Ru (C 3H5 ) (C02Me) (C 6Me 6 ) 1631 
Ru(C 6Me 5 CH2) (C 3H5 ) (CO) 1963 
a KBr disc: b - in n- hexane 
~ 
1764 
1745a 2249a 
2204a 
1740a, 1723a 
431 
280 
380 
332 
403 
352 
304 
H 
H 
vJ 
' 
~ 
Complex 
Ru(C 6Me 6H) (C 3H5 ){P(0Me)3} 
Ru(C 6Me6H) (C 3H5 ) (CO) 
Ru(C 6Me 6H) (C 4 H7)CO 
Ru (C 6H6Me) (C 3H5 ) {P (0Me)3} 
Ru(C6H7) (C3Hs) (CO) 
TABLE 3.3 
1H N.M.R. Spectral Data of Allylruthenium Com2lexesa 
Cyclohexadienyl Resonances 
1.80 (d,JPH=6,3H)Me; 1.60 (s,6H)Me;_ 
l.57(6H) Me; l.SO(d, J = 7.5,3H)Me endo; 
2.78(q,J=7.5,1H)R.exo 
l.65(s,6H)Me; l.59(s,3H)Me; 
l.48(d,J=7,3H)Me endo; 
l.46(s,6H)Me;2.81(q,J=7,1H) H 
l.67(s,6H)Me; l.58(s,3H)Me 
exo 
l.57(s,6H)Me; l.50(d,J=7,3H)Me endo; 
2.73(q,J=7,1H)H 
exo 
4.64(m,1H) ;4.24(m,2H) ;3.4(m,2H) 
0.43(d,J=7,3H)Me 
exo 
2.83(q,J=7,1H)H d en o 
4.37(m,1H) ;4.20(m,2H) ;3.39(m,2H) 
2.6(m,2H)H ,H d; exo en o 
Allyl Resonances 
l.39(d, J = 7, 2H) syn; 
l.14(dd. JPH=l4,J=l0,2H)anti; 
3 .12 (m, lH) meSJl 
l.42(d,J=l2,2H)anti; 
l.53(d,J=7,2H) syn; 
3 .18 (m, lH) meso 
l.48(br s,2H)anti; 
l.Sl(br s,2H)syn 
l.69(s,3H) meso methyl 
Other Resonances 
3.34(d, JPH = 10, 9H 
P(OMe)3 
0.89(dd;JPH=l2,J=l0,2H)anti, 3.38(d,JPH=l2 ,9H) 
2.00(d,3=7,2H)syn 
3.96(m,1H)meso 
1.19 (dm,J=lO, 2H) anti; 
2.06(dm,J=7,2H)syn; 
3.74(m,1H)meso 
P(OMe )3 
H 
H 
~ 
• 
r 
~ 
Ru(C5H 6 CJ'.J) (C 3 Hs) (CO) 4. 44 (m. lH) ; 4 .17 (m, 2H) ; 3 .1 (m, 3H) 
Ru(C 6Me 5 CH2 ) (C 3 H5 ) (CO) 
Ru (C 3H5 ) (C02Me) (C 6 Hd 
Ru(C 3H5 ) (C~Me)(C5Me5) 
l.07(d,J=l0,2H)anti; 
-
l.95(d,J=7,2H)syn; 
3.52(m,1H)meso 
l.47(dm,J=ll,2H)anti; 
l.69(dm,J=6,2H)syn; 
3.04(m,1H)meso 
2.35(d,J=l0,2H)anti; 
3.28(d,J=7,2H)syn; 
3.91(m,1H)meso 
2.50(m,4H)anti,syn; 
3.0(m,lH)meso 
a In C6 D6 Chemical Shifts are reported in ppm downfield from TMS. 
Coupling constants (J) in Hz. The coupling is JHH unless otherwise stated. 
l.39(s,3H)Me ; 
l.46(s,6H)Me ; 
2.02(s,6H)Me; 
3.90(s,2H)CH2 
3.56(s,3H)OMe ; 
4.96(s,6H)C5H5 
3.56(s,3H)OMe ; 
l.78(s,18H)G1e 
H 
H 
\Jl 
• 
~ 
Complex 
Ru (C 6Me 6 ) (C 3H6 ) (CO) 
Ru(C 6Me 6 ) (C 3H50Me) (CO) 
Ru(C 6Me 6 ) (C 3H50Et) (CO) 
Ru(C 6Me 6 ) (C 3H5J\!Me 2) (CO) 
Ru(C 6Me 6 ){C 3H5CH(C02Me) 2}(CO) 
b Ru(C 6Me 6 ){C 3H5CH(°'1)C02Me}(CO) 
b Ru (C sHs) (C 3HsCMe) (CO) 
TABLE 3.4 
1H N.M.R. Spectral Data of Arenerutheniumolefin ComElexesa 
Arene Resonance 
l.82(s,18H) CMe 
l.77(s,18H) CMe 
l.78(s,18H) CMe 
l.80(s,18H) CMe 
l.82(s,18H) CMe 
l.83(s,18H) CMe 
l.80(s,18H) CMe 
4 • 9 3 ( s , 6H) CH 
Olefin Ligand Resonances 
l.S(m,lH)HA; 2.0(m,SH) HB,HC,3HD 
l.55(m,1H)HA;2.l(m,2H)HB,HC;3.33(m,J0E=l0,lH)Ha; 
4.21(m,JDE=l0,1H)f\;;3.34(s,3H)CMe 
l.57(m,1H)HA;2.l(m,2H)HB,HC;3.46(m,J03=10,lH)H0 ; 
4.26(m,JDE=l0,1H)HE;3.50(dq,J=7,J=l0,1H) ,3.66(dq,J=7,J=l0,1H) 
OCH2CH 3 ; l.23(t,J=7,3H) 0 CH2CH3 
- - . 
l.55(m,1H)HA;2.0(m,2H)HB,HC;2.3(m,1H)~;3.3(m,1H)~; 
2.34(s,6H) N_t1e2 
1. 42 (m, lH)HA; 2. 0 (m, 3H) HB,HC,HD; 3. 0 (m, lH) HE; 
4.04(m,1H)HF; 3.32(s,3H)C02Me ;3.46(s,3H) C02Me 
l.38(m,1H)HA;l.9(m,3H) ~,He,~; 2.6(m,1H)~; 
4.00(m,lH)K~; 3.20(s,3H) C02Me 
2.6(m,1H)~; 4.0(m,lH) HF; 3.29(s,3H) C02Me 
2.48(m,1H)HA;l.94(m,1H)~;4.19(m,1H)~;3.32(s,3H) OMe 
3.l(m,2H) HC,HD H 1-1 
m 
• 
~ 
Ru(C 6 H6 ){C 3H5CH(C02Me) 2 }(CO) 
5.02(s,6H) CH 
5.03(s,6H) CH 
5.03(s,6H)CH 
2.l(m,2H)HA,HC; 3.6(m,1H) ~; 3.28(s,3H) OMe 
2.45(m,1H)HA; l.80(m,1H)~;4.05(m,1H)8p; 3.37(s,3H)OMe 
3.48(s,3H)OMe 
3.7(m,1H)HF; 3.36(s,3H) OMe; 3.30(s,3H) OMe 
a Chemical shifts in ppm (o-) downfield of TMS. Coupling contents in Hz. Spectra recorded 
in C 6 D6 • 
b Isomers present. Assignments are not made where resonances of both isomers overlap 
ambiguously. 
H 
H 
-J 
• 
~ 
Complex 
Ru(C 6Me 6 ) (C 3H5 0Me) (CO) 
Ru(C 6Me 6 ){C 3H5 CH(C02Me)J(CO) 
Ru(C 3H5 ) (C02Me) (C 6Me 6 ) 
TABLE 3.5 
13c N.M.R. Spectral Data of Some Areneruthenium Complexesa 
Arene Resonances 
101.7, C; 16.4(q,127) Me 
102.2, C; 16.9, Me 
99.3, C; 15.9, Me 
. 
Other Resonances 
81. 0 (t, 142) CH2= CHCH20Me; 57. 2 (q, 141) CEz- CHCH20Me; 
- -
49.7(d,147) CH2=CHCH20Me;33.5(t,154)CH2 = CHCH20Me 
~ -
57.0 CH(C02Me) 2 ; 51.9 C02Me; 50.9 CH2=CH 
- - -
39.6 CH CH2CH; 33.5 CH2=CH; 170.6 CH(C02Me) 2 
- - -
30.1 tenninal allyl; 84.5 central allyl; 
47.2 C02Me 
a Measured· in C6 D6 • Chemical shifts in ppm downfield from TMS. 
H 
H 
co 
• 
119. 
3.11 Discussion 
The Mingos-Green-Davies rules for nucleophilic 
addition ( Section 1. 4) to the {Ru (n 3 -allyl) (n6 -arene) L} BF 4 
complexes predict preferential attack at the coordinated arene -
to give, as the kinetically favoured products, the 
cyclohexadienyl complexes Ru( n 5 -cyclohexadienyl) (n 3 -allyl) (~). 
The products from the reaction of hydridoborates 
with {Ru(n 3 -allyl) (n 6 -arene) }BF4 are consistent with 
preferential or exclusive attack at the predicted site. 
Lack of specificity in hydride addition to 
{Ru(n-C 3H5 ) (n
6
-C 6Me 6 )CO}BF 4 as compared with that for 
{Ru ( n 3 -c 3 H 5 ) . ( n 
6 
-c 6 Me 6 ) [P ( OM e ) 3 J } BF 4 may s imp 1 y be a ref 1 e ct ion 
of the relative electrophilicity of the two complexes. As 
the carbonyl complex reacts more rapidly than the 
trimethylphosphite complex under identical conditions then 
the decrease in specificity is not unexpected. Although most 
of the products resulting from the reaction of methyllithium 
with {Ru(n 3 -allyl) ( n 6 -arene) L}BF 4 complexes have not been 
sufficiently characterised, addition to {Ru(n 3 -C3H5) (n
6
-C6H6fP(OMe) 3J }BF4 
g 1 ve s only the predicted product. 
Cyanide ion adds exclusively to the coordinated arene of 
{Ru(n 3 -C 3H5 ) (n
6
-c 6H6 )CO}BF 4 but there is no evidence of 
cyanide attack on the hexamethylbenzene ligand of 
{Ru(n 3 -c 3H5 ) (n
6
-c 6Me 6 ) CO}BF 4 . It is possible that rapid 
reversible addition of cyanide ion to the hexamethylbenzene 
' 
I20. 
ligand occurs. Such an effect is observed in the reaction of 
cyanide with the cationic arenemanganesetricarbonyl complexes 
(See Chapter 1). 
Steric effects may be suppressing nuc l eophi lic 
attack at the hexamethylbenzene ligand of 
{Ru(n 3 -C 3H5 ) (n
6
-C 6Me 6 ) CO}BF 4 . This has b een proposed to be 
the major factor governing the reactions of a number of 
nucleophiles with {Mn(n 6 -c 6Me 6 ) (CO) 3 }+ (See Chapter 1). 
Any deviation from the predicted site of attack on 
steric grounds alone cannot be seen as a significant 
breakdown of the Mingos-Green-Davies rules. Taken in 
isolation, the addition of OMe, NMe 2 , CH(C0 2Me) 2 and 
-CH(CN) co 2Me to the allylic ligand of {Ru(n
3
-c3H5) (n
6
-C6Me6)CO}BF4, 
rather than to the arene ligand, could be interpreted as a 
breakdown of the rules on steric grounds. However the fact 
that the same mode of addition is observed in the reaction 
of OMe and - CH ( C02Me) 2 with {Ru (n 3 -C3H5) (n 6 -C6H6) CO}BF 4 does 
suggest that other factors must be responsible for this 
deviation. These nucleophiles may add reYersibly to the are ne 
ligand. Kinetic studies may show whether such a product does 
form initially. 
No neutral transition metal complexes containing a 
6-methoxy- or 6-amino-cyclohexadienyl ligand have been 
isolated. However there is · spectroscopic evidence f or a 
very unstable 6-methoxycyclohexadienyl complex in the 
I2I. 
reaction of methoxide ion with {Mn( n 6 -C 6H6 ) (CO) 3 }+ in ether. 
Interestingly, this product is not formed in methanol but 
-
rather a methoxycarbonyl complex Mn ( CO 2Me) ( n 
6 
-c 6H6 ) ( CO) 2 is 
isolated. 
However, stabilized carbanions have been reported 
to add to a coordinated arene to form an isolable neutral 
cyclohexadienyl complex; eg. diethylmalonate anion reacts 
with {Mn(n 6 -c 6H6 ) (CO) 3 }+ to form Mn{n
5
-c 6H6CH(co 2Et) 2 } (cD) 3 . 
The only product which can be isolated from reaction 
of dimethylmalonate anion with {Ru(n 3 -c 3H5 ) (n 6 -c 6H6 )CO}BF 4 
lS Ru(n 6 -C6H6) {n 2 -CH2 = ~HCH2CH (CO2 Me)2}CO)' which is 
certainly contrary to the predictions of the Mingos-Green-
Davies rules. 
Different nucleophiles are known to attack at 
different sites in a given coordinated enyl ligand. Thus, 
5 }+ the cyclohexadienylosmium complex, {Os(n -c 6H7 ) (C0) 3 , 
reacts with OH, OR, SH, PR3 and activated carbanions to 
form substituted 1-3 cyclohexadiene complexes resulting 
from exclusive attack at the 1-position of the cyclohexadienyl 
ligand. (See Scheme 1.1). However attack of hydride and 
cyanide ions is also observed to occur at the 2-position of 
the cyclohexadienyl ligand to form o - n allyl complexes. 
If such a regioselectivity of attack does exist 
between different types of nucleophiles then factors 
I22. 
distinguishing thes e nucleophiles such as the ir r elative 
basicity and polarizability must be considere d. 
More investigations of the reactions of cationic 
polyene transition metal complexes, of the form {M (n 5 -enyl)L3}+ 
and {M ( n 3 -eny 1) ( n 6 -arene) l} + (where the eny 1 1 igands are 
"non-aromatic"), are needed with a variety of nucleophiles. 
In this way it may be made clear whether the differences in 
preferred site of attack of hydride and cyanide, as compared 
with other nucleophiles, is governed by the relative stability 
of the products or the type of nuc leophile involved. 
Another avenue of interest is the use of the 
pentamethyl-n 5 -benzyl complex Ru(n 5 -c 6Me 5 -cH 2 ) (n
3
-C 3H5 ) (CO) 
as a nucleophile in reactions with electrophilic compound s 
such as co 2 or even cationic transition metal complexes. 
Such reactions are observed with the pentamethyl-n 5 -benzyl 
iron complex Fe (n 5 -c 6Me 5cH 2 ) (n
5
-c5H5 ). 
44 
I 23. 
3.12 Experimental 
All preparations were conducted under a nitr9gen atMo~p~e~~ 
using Schlenk techniques. Most of the products are air 
sensitive in the solid state and all are very air sensitive 
in solution. All solvents were thoroughly degassed by the 
~~2e-thaw method. Tetrohydrofuran and 1,2-dimethoxyethane were 
freshly distilled under nitrogen before use. Dry methanol was 
obtained by distillation over magnesium. 93 Sodium dimethyl-
malonate, sodium methylcyanoacetate and methanol free sodium 
methoxide were prepared from the reaction of one equivalent of 
the conjugate acid with sodium hydride. 94 The methanol con-
taining sodium methoxide compound NaOMe.MeOH was prepared from 
the reaction of sodium with methanoi. 77 
To [Ru(c3H5 ) (C6Me 6 )COJBF 4 (100mg) in 1,2-dimethoxyethane 
( 8ml) at -1s 0 c was added sodium borohydride ( 14mg) and the 
suspension was stirred for ~h. The resultant yellow solution 
was reduced to dryness maintaining the temperature below -s°C 
Hexane (50ml) was added and the solution filtered. The filtrate 
was then reduced to dryness leaving a pale yellow and yellow 
solid (ca 50mg). On eluting a . hexane/ether solution (3:1) of 
the products on a neutral alumina column at -20°c a yellow 
solid, Ru ( c 6Me 6 ) Cc 3H6 ) ( CO) , was separated from the other 
products. 
Reactions of sodium borohydride with 
Reaction conditions are similar to the reaction of 
124. 
NaBH 4 with [Ru(C3H5 ) (C6Me 6 )CO]BF 4 . A pale yellow hexane-
soluble solid was isolated in ca 45 %. Analysis calculated for 
Ruc17H26o: C, 58.76; H, 7.54. Found : Cp 59.82: H, 7.79. 
To lithium triethylborohydride (0.2mmol) in THF/ether 
at room temperature was added [Ru(C3H5 ) (C6Me 6 ) { P(OMe) 3 } ]BF 4 
(100mg) and the suspension was stirred for l Yih. The resultant 
yellow solution was then cooled to -78°c 3nd methanol (1ml) 
added. The solution was then evaporated to dryness and the 
product extracted with hexane (50ml) and filtered. The filtrate 
was then reduced in volume and a pale yellow solid precipitated 
out (ca 40mg) . Washed with pentane and dried . Analysis in vacuo. 
calculated for Ruc18H33o3P 
. C, 50.33; H, 7.75. . 
Found: C, 51.29; H, 8.31. 13 spectrum (in ppm . C N.M.R. in 
c 6D6 ) : 13.9 (q, J = 126), 14.9 (q, J = 124), 16.5 (q, J = 124), 
18.1 (q, J = 125), cyclohexadienyl methyls; 30.2(s), 52.9(s), 
99.6(s), cyclohexadienyl carbons c 1-c5 ; 42.1 1d, J - 150) 
cyclohexadienyl c 6 ; 36.8 (dt, JCH = 153, JPC - 8), terminal 
a 11 y 1 ; 7 8 • 6 ( d , J = 15 4) , c en tr a 1 a 11 y 1 ; 5 0 . 3 ( d q , J CH = 14 2 , 
JPC = 4) OMe. 
To [Ru(C3H5 ) (C6H6 ) { P (OMe) J } ]BF 4 (250mg) in 
1,2-dimethoxyethane at room temperature was added methyllithium 
(0.6mmol) in ether (0.6ml) and the suspension was stirred for 
2h. 0 The resultant yellow solution was then cooled to -50 c 
and methanol (1ml) was added. The solvent was then evaporated 
I25. 
off and water (30ml) and hexane (50ml) were added to the residual 
solid. The hexane layer was then decanted off and dried with 
anhydrous CaC1 2 and filtered. The filtrate was then reduced to 
dryness leaving a white solid (75mg). 
Reaction of [Ru (n 3-c3H5 ) (n 
6
-c6H6 ) (.CO] BF 4 with methylli thium 
To [Ru(C 3H5 ) (C6H6 )CO.]BF 4 (100 mg) in THF (10ml) at -20°c 
was added MeLi (O.Smmol) in ether (0.3ml) and immediately a 
yellow solution formed. The solution was then .c..oo l<e.d to -78°c 
and methanol (1ml) added. The solvent was then removed and 
hexane was added to the solid residue and the resultant solution 
filtered. The filtrate was then reduced to dryness to leave a 
pale yellow oil. 
· 3 6 Reaction of [Ru (n -c3H5 } Cn -c6Me 6 )CD.] BF 4 with methyll thium 
Procedure was similar to the reaction of methyllithium 
To [Ru(C 3H5 ) (C6H6 )CO]BF 4 (90mg) in 1,2-dimethoxyethane 
(8ml) at -20°c was added sodium borohydride (13mg) and 
immediately a yellow solution formed. The solvent was then 
evaporated off below -s 0 c and product was extracted with hexane 
(40ml) and filtered. Significant decomposition was evident when 
the solution was raised above o0 c. The hexane soluble filtrate 
was reduced to dryness to leave a white powder (25mg). 
I26. 
To [Ru (C 3H5 ) (C6H6 ) CO]BF 4 (100mg) in methanol- (3ml) at 
-20°c was added potassium cyanide (30mg) and the solution was 
stirred for lh. The solvent was then evaporated off below 
-s 0 c and ether ( 70ml) was added to the residual solid. The 
ether solution was filtered and reduced to dryness to leave a 
slightly oily yellow powder. The product was recrystallized 
from ether-hexane to yield a microcrystalline yellow solid· whiGh 
was washed with pentane (15mg). 
To [Ru(C3H5 ) (C6Me 6)CO]BF 4 (100mg) in methanol (5ml) at 
-3o 0 c was added potassium cyanide (25mg) and the solution was 
stirred for ~h. The solvent was then evaporated and the 
products extracted with ether and filtered. The fi l trate was 
then evaporated to dryness leaving a mixture of pale yellow 
and white solid (ca 40mg). 
To potassium t-butoxide (150mg) in THF (40ml) at room 
temperature was added 1Ru(C3H5 ) (C6Me 6 )CO]BF 4 (100mg) and the 
suspension was stirred for 10 minutes to give a yellow solution. 
The solvent was evaporated and the product extracted into 
hexane and filtered. The filtrate was then reduced in volume 
and a microcrystalline yellow solid precipitated out of solution. 
The product was then washed with iso-pentane (ca 60mg). 
Recrystallized from ether. Washed with hexane and dried in 
vacuo. Analysis calculated for Ruc16H22o: C, 57.98; H, 6.69. 
I27. 
Found : C, 5 8 .28 ; H, 7.17 
The product can similarly be prepared using NaOMe or 
NaNMe 2 as the base in this reaction, although care must be taken 
to exclude any protic solvents. 
To NaOMe.MeOH(200 mg) in ether (40 ml) at room temperature 
was added [Ru(c 3H5 ) (C6Me 6 )CO]BF 4 (100 mg) and the suspension was 
stirred for ]8 h. The resultant yellow solution was reduced to 
dryness and hexane (80 ml) added. The hexane-extract was then 
filtered and the filtrate evaporated to dryness leaving a pale 
yellow solid (ca 45 mg). 
To NaOMe.MeOH (240 mg) in methanol (30 ml) at o0 c was 
added [Ru(C 3H5 ) (C6Me 6 ) (CO]BF 4 (150 mg) and the solution was 
stirred for 6h. The solvent was then evaporated off leaving 
a solid residue. Hexane was added and the resultant solution 
was filtered. The filtrate was reduced to dryness leaving a 
pale yellow solid (ca 30 mg) recrystallised from ether. Washed 
with hexane and dried in vacuo. Analysis calculated for 
Ruc17H26 o2 : C, 56.17 ; H , 7.21. Found : C, 55.96 ; H , 7.35 
To NaOMe.MeOH (100 mg) in tetrahydrofuran (10 ml) at o0 c 
was added [Ru(C 3H5 ) (C6H6 )CO]BF 4 (160 mg) and the suspension was 
I28 . 
stirred for 15 minutes. The solvent was removed and ether 
added (70 ml) and the solution was filtered. The filtrate was 
then reduced to dryness at o0 c leaving a white solid -which was 
washed with pentane (80 mg). Recrystallized from ether and 
0 
washed with hexane and dried in vacuo at O C. Analysis 
calculated for Ruc11H14o2 : C, 47.30 ; H , 5.05. 
Found : C, 47.25 ; H , 5.16 
To sodium dimethylamide (45 mg) and dimethylamine (0.5 ml) 
0 in tetrahydrofuran (10 ml) at -20 C was added 
[Ru (C 3H5 ) (C6Me 6 ) CO] BF 4 ( 100 mg) and the suspension was stirred 
at this temperature for Yzh. The solvent was removed and the 
product extracted into ether (100 ml) at o0 c and filtered. The 
filtrate was then taken to dryness to leave a yellow solid which 
was washed with pentane (ca 65 mg). 
To sodium dimethylmalonate (115 mg) in tetrahydrofuran 
the suspension was stirred for Yzh. The resultant yellow 
solution was evaporated to dryness, ether was added and the 
solution filtered. The filtrate was then reduced in volume 
and hexane added. A white solid precipitated out and this 
was washed with pentane (55 mg). 
I29. 
Preparative method is similar to that for 
The yield is ca 50 %. 
The preparative method is similar to that for the 
analogous hexamethylbenzene complex (see al:ove). The product 
Wo.s recrystallized from ether-hexane to form a pale yellow 
solid in ca 25% yield. 
methanol (5 ml) and then solution stirred for 2h. The temperature 
was maintained at o0 c throughout. The solution was then taken 
to dryness and the product extracted with ether and filtered. 
The filtrate was then reduced in volume, cooled to result in 
the precipitation of a pale yellow microcrystalline solid (20 mg). 
This was washed with hexane and dried in vacuo at o0 c. 
calculated for Ruc11H14o2 : C, 47.30 ; H , 5.05. 
Found : C, 47.17 ; H , 4.92. 
Analysis 
CHAPTER 4 
PREPARATION OF ARENE RUTHENIUM . S-DIKETONATE COMPLEXES 
4.1 Introduction 
Examples of complexes containing the monoanionic 
S-diketonate ligand are known for every transition meta1. 95 
These ligands have the potential to increase the solubility 
of organometallic complexes. Monoanionic acetylacetonate 
complexes are usually made by the reaction of the appropriate 
transition metal salt with sodium or thallium acetylacetonate, 
the latter being especially useful for the reaction with 
transition metal halides. For example, the poorly soluble 
n
3
-allyl chloro palladium dimer {PdCl(n 3 -allyli1 reacts 
with Tl (acac) to generate a soluble product, Pd(acac) (n3-c3H5), 
which is readily separable from thallium chloride in non-
polar solvents (Eqn 4.1). 96 
2Pd(acac) (n3-c3H5) + 2T"lc 1 
(Eqn 4.1) 
Acetylacetone consists of a mixture of keto (a) 
and enol (b) forms in equilibrium. The enol form predominates 
at room temperature. In solution the percentage of the enol 
form varies from 60-95% depending on the solvent and 
concentration of acetylacetone. 97 
Fig. 4 . 1 
I3I . 
Transition me tal complexes containing acetylacetone 
have been isolated for the neutral ligand, and for the mono -
and di - anions . The majority of these complexes contain the 
mono - anion of acetylacetone . 
A number of bonding arrangements of the 
acetylacetonate mono - anion to transition metals have been 
observed . The ligand can bond to one (Fig 4 . 2) or to two 
metal atoms (Fig 4 . 3) . The usual bonding mode is via both 
~ 
~. I , .. 
Pd 
o' 'o 
a 
~o 
H 
0 
0 
0 
. 
C 
b 
.-· /PPh:3 
~ - Pd - -
"PPh 3 
d 
Fig 4 . 2 
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oxygens in a chelating enolate arrangement, as exhibited by 
Pd(acac) (n3-allyl) ( Fig 4. 2a) . 
The acetylacetonate ligand is bound as a bidentate 
enolate in 4. 2a 96 and as a. monodentate enolate in 4. 2b
98 
The monodentate acac ligand in 4.2c 99 is a derivative of the 
100 101 keto form. Types d and e (e 1 ,e 2 ) result from abstraction 
of a proton from a methyl group. Type e exists as an 
equilibrium mixture of keto (e 1 ) and enol (e 2 ) forms and can 
be considered as a substituted B-diketone. 
Two bridging arrangements of the acetylacetonate 
mono-anion are known (Fig 4.3). One type, which occurs in 
{Ni(acac)
2
}
3
, is a bidentate enolate with one oxygen bonded to 
one metal atom and the other to a second metal atom.
102 
In 
the second type of bridge, the acetylacetone anion is bound 
by both oxygen atoms to one metal atom and through the 
103 
central carbon to a second metal atom, (eg. Fig 4.3b) -
Fig 4.3 
133. 
Both the enol and keto forms of the neutral 
acetylacetone molecule can function as ligands 104 (Fig 4 .4 ) . 
Another bonding mode of the n eutral ligand results from 
protonating 
0 
""'-.. jysr, / 
Mn · Mn / I '-...er/ b '-.... 
0~ 
Fig 4.4 
the bisacetylacetonatochloroplatinum anion with Hci(Eqn 4.2) . 105 
The product contains an acetylacetone ligand -~· -bonded via the 
C = C bond of the enol form. 
'p( Cl 
/ ' 
Eqn 4 .2 
Two monomeric complexes containing a dianionic 
ligand derived from acetylacetone are known . On reacting 
Pt(acac) 2PPh3 (Fig 4.2c) with excess triphenylphosphine an 
equivalent of acetylacetone is lost and the resultant product 
106 is formulated as a n -oxoallyl complex (Eqn 4.3). 
I34. 
XS PP.!13 
> 
Eqn 4.3 
The acetylacetonate mono-anion ligand is 
3 deprotonated in the reaction of then - bonded acetylacetonate 
palladium complex {,.Pd(acac) (bipy)}+ with potassium acetylacetonate 
(Eqn 4.4) .lOO 
I+ K(acac) 
0 ~ 
' H 
( Eqn 4. 4) 
Dianionic acetylacetonate ligands form bridges 
between metal atoms (Fig 4.5 a,b) in complexes derived from 
proton abstraction from the acetylacetonate ligands in Fig 
4 2d t . l 107 . ,e respec ive y. 
(N'- · .. . Pd- ) V .. (b) 0 0 ' / Be 
" ' 
Fig 4 .5 
Carbon-bonded acetylacetonate ligands are found 
135. 
with typical 'soft' transition metals eg. PtII, PdII, AuIII, HgII 
but have not been reported for hard transition metals such as 
MnI, CrIII, FeIII.72 
Platinum (II) and palladium (II) exhibit a wide variety 
of bonding arrangements to acetylacetonate ligands. Many 
examples of carbon and oxygen bonding arrangements have been 
reported for these metals (see above). The apparently subtle 
effect of varying the phosphine or amine reacting with Pt(acac) 2 
results in compounds which differ in the bonding arrangements 
of the acac ligand(s) (Scheme 4.1) 1061 lOS , 109 . The effects 
governing the generation of these products are poorly under-
stood . 
Py rp~ ~ 
o"'-
Pt/PE~ (: /PP'3 ~ Pt Pt 
/ 
"o 0 / ~PPh PEt PY 3 3 
0 
Scheme 4.1 
There are examples of the borderline transition 
metals (Pearson classification) 72 RhIII, IrIII which contain 
an acac ligand bonded through its central carbon (eg. Fig 
4 _6 )103a. 
--
I36 .. 
M== Rh ,Ir 
Fig 4.6 
However no transition metal complexes containing carbon 
bonded acetylacetonate ligands have been reported for RuII 
0 II or s . 
~N.M.R. and I.R. spectroscopic characterisation 
of metal acetylacetonate complexes is employed to distinguish 
between the various bonding arrangements. Infrared stretching 
frequencies associated with this ligand are in many cases 
characteristic of the type of bonding. 95 , 109 · 
Complexes containing the chelating enolate ligand 
-1 have two strong bands in the 1500-1600 cm region but no 
-1 bands above 1600 cm . In contrast complexes containing the 
y-carbon bonded ligands have no bands in the 1500-1600 
-1 
region and two bands in the 1600-1700 cm region. 
-1 
cm 
1 H N.M.R. spectroscopy has also been useful in 
distinguishing between chelating enolate and y -carbon bonded 
acetylacetonate ligands. The methine proton at the y -carbon 
has been reported at 3.5-4.58 in the y -carbon bonded ligands 
while the corresponding proton resonance in the chelating 
enolate ligand usually occurs to lower field than 5 0 . 951 99 ,lo 3a. 
The chemical shifts of the methyl and methine proton 
resonances of the chelating enolate ligands shift to higher 
-
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field as the solvent is varied from CDC13 to c 6D6 . The 
converse is observed for the methyl and methine proton 
resonances of the ~-carbon bonded ligands. Downfield shifts 
of up to 0.5 ppm have been reported for the position of the 
methine proton resonance of y-carbon bonded ligands in c 6D6 
relative to cocl3 _
99 
4.2 Preparation of RuCl(S-diket) (n 6-arene) 
A series of arene B-diketonate complexes of the 
6 general formula RuCl(acac) (n -arene) (where arene = benzene, 
mesitylene, hexamethylbenzene) is obtained by the reaction of 
{Ruc.12 (n
6
-arene)} 2 '1- ·mol) with two moJ;es of thallium acetylacetonate 
in dichloromethane at room temperature. The orange-yellow 
microcystalline solids, isolated in 65-80% yields, are very 
soluble in chloroform, dichloromethane and methanol but poorly 
soluble in benzene or ether. 
These acetylacetonate complexes can also be made, 
in similar yields, by the reaction of { Rucl2 (n-arene)} 2 (1 mol) 
with sodium acetylacetonate in dichloromethane/methanol at 
room temperature. The sodium acetylacetonate, generated in 
situ from acetylacetone and anhydrous Na 2co 31 is reacted with 
{RuCl. (n-arene)} 2 in dimethylformamide for 2 - 10 minutes at 
100°C to yield RuC_l(acac) ( n 6-arerie) complexes in 25-65% y '.ield. 
Raising the temperature or increasing the reaction time results in the 
production of the previously reported dark red solid Ru(acac);10 · 
The orange-red hexafluoroacetylacetonate complexes 
RuC1(hfacac) (n6-arene) are obtained in 60-70 % yield by reacting 
{RuC12(n6-arene)} 2 (1 mol) with 2 moles of thallium hexafluoroacetylacetonate 
I38 •. 
in dichloromethane at o·c. Extensive decomposition occurs 
at higher reaction temperatures. 
6 ) -Mass spectra of the RuC'1 ( S -diket) (n -arene complexes 
contain the parent molecular ion and osmometry studies show 
that the complexes are monomeric in CH 2c1 2 . 
The infrared spectra of the RuCl(acac) (arene)complexes 
-1 -1 -1 
contain bands at ca 1570 cm , ca 1520 cm and ca 1280 cm 
characteristic of a chelating enolate ligand (Table 4.1) 95 
The far infrared spectra contain a band in the region 
-1 275-298 cm , assignable to the v (Ru-Cl) mode of a terminally 
bound chloride. 62 
In addition to resonances characteristic of the 
co-ordinated arene, the 1H N.M.R. spectra of these complexes 
contain singlet resonances for the methyl groups of the 
t 1 to t 1 . d at 2 o~ and for the methine ace y ace nae igan ca . u 
proton at ca 5.0o consistent with the presence of a chelating 
0-bonded enolate. 95 
The two most common bonding arrangements of the 
hexafluoroacetylacetonate ligand are the chelating and 
monodentate 0-bonded enolate forms. These two bonding 
arrangements are distinguished by the position of the highest 
-1 
energy band in the 1600-1700 cm region of the infrared 
spectrum. This band, which has been assigned to a vto) 
-1 111 
mode occurs in all monodentate complexes at ca 1675 cm . 
In the chelate ligand, it has not been observed above 
1660 cm-land normally occurs in the 1620-1650 cm-l r egion . 112 
The highest frequency band in the infrared spectra 
of the Ruel (hfacac) (arene) complexes is at ca -1 1630 cm 
-
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(Table 4.1) suggesting that these complexes contain the 
S-diketonate ligand in a chelating enolate bonding arrange-
ment. 
4. 3 Preparation of Ru(acac) 2 (n
6
-arene) complexes 
The reaction of an excess of thallium acetylaceton-
ate with {RuC:12 (n6-arene)} 2 at room temperature results in 
extensive decomposition. A deep reddish brown solution is 
formed from which no crystalline material could be isolated. 
The reaction of one mole of thallium acetylacetonate 
with RuC:l(acac) (n6-c6H6) at -20 °c in methanol gives a yellow 
solution from which a red microcrystalline solid can be isolated. 
The product is soluble in ether, benzene and dichloromethane 
but readily decomposes both in solution and as a solid at 
room temperature. Elemental microanalyses for this complex 
were variable presumably due to its thermal instability. This 
complex is believed to be Ru(acac) 2 (n
6
-arene) on the basis of 
spectroscopic data (see below). 
Yellow microcrystalline solids which are stable at 
room temperature are isolated from the reaction of the 
mesi tylene and hexamethylbenzene complexes 'RuC:l(acac) (n6-arene) 
with an equimolar amount of thallium acetylacetonate at -20°c 
in methanol. These bisacetylacetonate complexes Ru(acac) 2 (n
6
-c6H6.) 
are soluble in methanol, dichloromethane, chloroform and ether 
but are only sparingly soluble in benzene. They decompose in 
solution at room temperature over a period ranging from minutes 
in chloroform to several days in methanol. 
The infrared spectrum of Ru(acac) 2 (n6- :c6H6 ) contains 
-
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bands at 1274, 1520, 1574 ~m-l characteristic of a chelating 
0-bonded enolate acetylacetonate ligand. Additional b~nds at 
-1 -1 1623 cm and 1672 cm suggest the presence of a y-carbon 
bonded acac ligand (Fig 4.7) 95 . A band present at 540 cm-l 
is consistent with the v (Ru-C) mode associated with the 
y-carbon bonded acac ligand. This band is presumably not 
assignable to a v(M-0) mode, which for an 0-bonded enolate 
-1 113 ligand does not usually occur above 450 cm . The position 
of the band compares favourably with that observed for 
palladium-carbon stretching mode, at 520-540 -1 cm , in the 
Pd ( ) L 1 ( Pph3) . 114 acac 2 comp exes · L=PY, 
1 In the H N.M.R. spectrum of Ru(acac) 2 (c6H6) inol)2c12 
(Fig 4.9) the methyl proton resonances of the acac ligands 
appear as two singlets at 1.988 and 1.838. The chemical 
shifts of the methine proton resonances are 3.128 and 5.608, 
characteristic of ~-carbon bonded arid chelating 0-bonded acac 
ligands respectively. While the methyl proton resonances of 
the acetylacetonate ligands differ only by 0.15 ppm in cn2c12 , 
they are separated by 0.29 ppm in c 6n 6 (Table 4.2) This effect 
may be explained by the observation that these protons of the 
chelating 0-bonded ligand have been reported to be shifted 
to higher field under these conditions while the converse has 
been observed for the methyl protons of they-carbon bonded 
1 . d 95,99 1gan . The proposed structure of Ru (acac) 2 (C6H6) is 
depicted in Fig 4.11. 
Fig 4.11 
-
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In the mesitylene and hexamethylbenzene complexes, 
Ru (acac) 2 (arene) , one of the acac 1 igands is bound as a che 1 a ting 
enolate. Spectral evidence suggests that, in contrast to the 
benzene complex, Rl(acac) 2 (C6H6), the second acac ligand in these 
complexes is not bonded to the ruthenium atom via they-carbon. 
The 1H N.M.R. spectra of the mesitylene and 
hexamethylbenzene complexes in chloroform, dichloromethane, 
acetone and acetonitr{le contain three sing let resonances ca 
2.0o, of relative intensity 6:3:3, assignable to the methyl 
protons of the acac ligands (Fig 4.10). This suggests that 
one of the acetylacetonate ligands is unsymmetrically bound 
to the ruthenium atom, so that the methyl groups are inequivalent. 
The observation of non-equivalent methyl groups is consistent 
with the presence of a monodentate 0-bonded acetylacetonate 
1 ig and in the Ru (acac) 2 (mes) and Ru (acac) 2 (hmb) complexes (Fig 4 .12) • 
Two transition metal complexes, Cu i (acac) 2 (en) 2 (Fig 4.2) 
98 
108 
and Pt(acac) 2 (PEt3) 2 contain acetylacetonate ligands in this bonding 
mode. 
The infrared spectra of the Ru(acac) 2 (arene) complexes 
(arene = mesitylene, hexamethylbenzene) (Fig 4.8) contain 
-1 -1 bands in the 1500-1600 cm region and ca 1270 consistent 
with the presence of a chelating enolate ligand. 'Iwo other bands at 
. -1 -1 
ca: 1610 .... cm , :.·,16 O O cm , not present in the corresponding chloro 
complexes RuCl(acac) (arene), can be directly assigned to the 
second acetylacetonate ligand. The position of these bands 
is simil .ar to that observed in the infrared spectrum of 
Cu(acac) 2 (en) 2 . However the platinum complex F t(acac) 2 {PEt3) 2 
contains I.R. bonds at 1650 cm-land 1605 cm- 1 . Thus, the 
I 44 . 
c~ 
X 
4 
X • ''Cla. 
Fig 4.9 
• 
a, • 
X 
6 6 s 4 2 
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Fig 4.10 1 H N.M.R. spectrum of Ru(acac) 2 (rnes) 
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Fig 4.12 
usefulness of infrared spectroscopy in assigning the monodentate 0-bonded 
mode of acetylacetonate ligands appears limited. 
The analogous complexes RuQ (acac) (arene) and 
Ru (acac) 2 (arene) ( arene = mes i tylene, hexamethylbenzene) have 
-1 identical infrared spectra in the 300-600 cm region. No 
extra band, assignable to av (Ru-0) mode, associated with 
the monodentate 0-bonded acac ligand, is detectable. 
Conductivity measurements on Ru (acac) 2 (hmb) show this 
complex to be partially ionized in methanol . 
The dissociation of an acetylacetonate ligand of 
Ru(acac) 2 (hmb) in methanol is also supported by variable tempera-
1 ture H N.M.R. studies. The lH N M R t f R ( ) (hmb) . . . spec rum o u acac 2 
in CD:30D at 28°c shows one bro.ad resonance at ca 1.978 
assignable to the methyl protons of both acetylacetonate ligands. 
The me thine protons of both acac ligands rapidly exchange with 
the hydroxy proton of the solvent so that both appear as a 
singlet of CD 30H at 4 .77 oof relative intensity two. 
The chloro acetylacetonate complex RuC1(acac) (hmb) 
is also observed to undergo exchange of they - carbon hydrogen 
146. 
atom of the acac ligand with methanol at room temperature but 
complete exchange requires ca 100h. 
The spectrum at 7°c contains two broad singlets of 
approximately equal intensity at 1.930 and ca 2.0lo assignable 
to the acetylacetonate methyl protons. At this temperature 
these two resonances are not fully resolved and the resonance 
at 2.0lo is partially obscured beneath the hexamethylbenzene 
proton resonance. 
At -3°C the spectrum shows the methyl resonances 
of the acac ligands as three slightly broadened singlets at 
1.94, 1.96, 2.00 ppm. in the approximate ratio 2:1:1 respec-
tively. This is a similar pattern to that observed in other 
solvents (see above). 
The fluxional process in the compounds may involve 
selective protonation of the acetylacetonate ligands. 
Protonation of the monodentate ligand followed by rapid 
exchange between coordinated and uncoordinated acetylacetone 
would average the two methyl resonances of this ligand. At 
7°c one acetylacetonate methyl resonance may represent the 
rapidly exchanging ligand, while the other resonance may 
correspond to the methyl groups of the chelating enolate 
ligand. At 28°c, protonation and exchange between coordin-
ated and free acetylacetone is rapid for both acac ligands so 
that one broad resonance occurs for all their methyl protons 
(Scheme 4.2). The possibility of solvent coordination being 
involved in the equilibration of the acac ligands of 
1 Ru(acac) 2 (hrnb)appears unlikely. The pattern of the H N.M.R. 
spectrumofRu(acac) 2 (hmb) in noncoordinating solvents such 
+ 
- Ru 
I 
+ 
147. 
+ -
0 
Scheme 4.2 
as chloroform and dichloromethane is similar to that in 
coordinating solvents such as acetone and acetonitrile. 
The protons of the methyl groups of the acac ligands 
of Ru(acac) 2 (hmb) exchange completely with the hydroxyl of m 3oo 
within 3 days at room temperature . A plausible intermediate 
in this exchange process contains a dianionic ligand derived 
from a.cetylacetone (Eqn 4. 3) . This intermediate could be 
formed by the deprotonation of the intermediate"Ru(acac) (hmb)" 
proposed in Scheme 4.2 . The infrared spectrum of the isolated 
solid Ru(d7-acac) 2 (hmb) is distinctly different in the 1400-1700 
cm- l region from that of the protiated analogue (Fig 4.13). 
The shift and relative intensity of bands assigned to the 
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Eqn 4.3 
chelating enolate acac ligand, in Ru(acac) 2 (hmb) on deuteration, 
agree well with the expected trends. 95 c 
4 . 4 Reaction of RuCl (acac) (n6- arene) with silver tetrafluo.robora te 
The RuCl(acac) (arene) complexes react rapidly at room 
temperature with silver tetrafluoroborate in acetone to give 
a precipitate of AgCl and a yellow solution from which yellow 
powders can be isolated by addition of ether . The same reaction 
when carried out in dichloromethane results in the precipitation 
of the yellow solid with silver chloride. 
These yellow solids are insoluble in organic solvents 
such as chloroform, dichloromethane and methanol and will not 
redissolve in acetone . They dissolve only in solvents such 
as acetonitrile and DMSO with which they react. 1 The H N.M.R. 
spectra of these solids in d 6 DMSO are consistent with the 
formation of the dimethylsulphoxide complexes 
6 {Ru(acac) (n -arene)DMS0}BF4 , 
The products are ·formulated as the oligome ric 
{Ru (acac) (n 6-arene)} (BF4) complexes . The infrared spectra of the se n n 
I50. 
- 1 y e llow powde rs contain a s trong b a nd ca 162 0 c m a n d t he 
characteristic bands of a che lating e nolate acac ligan d a r e 
absent. The position and r e lativ e i n tensity of this- band i s 
similar to that exhibited by the acetylacetonate ligan ds of 
the pentamethylcyclopentadienylrhodium dimer 
5 {Rh(acac) (n -c5Me5)} 2 (BF4) 2 . An x-ray crystal structure determination 
revealed that this rhodium complex contains bridging acac 
ligands bonded through they-carbon atom to one metal atom 
and through both oxygens to the other metal atom (Fig 4.3)l0 3 a 
It is therefore 1 ike ly that the {Ru {acac) (n 6-arene)} n (BF 4) n (n>2) 
complexes contain this bonding arrangement of acac ligands. 
Whether both ligands bridge the same two metal atoms, forming 
a dimer, or not, thus forming a polymer, is not known (Fig 4.14). 
Removal of the chloride ion from RuCl (acac) (arene) 
in the presence of a non-coordinating or weakly coordinating 
solvent presumably generates a coordinatively unsaturated, 
16-electron cation {Ru (acac) (arene) }+ which stabilizes itself by 
dimerization or polymerization . The species initially gener-
ated by chloride abstraction from RuCl(acac) (arene) in acetone 
are presumably unstable acetone complexes analog ous to the 
3 3 6 n - a 1 1 y 1 c omp 1 ex e s .. Ru ( n - a 11 y 1) ( n -C 6 H 6) ( CH 3 ) 2 CO J } B~; ( S e e Ch apt e r 2 ) . 
2+ 
F i g 4.14 
n 
I5I. 
Addition of one mole of a coordinating ligand ro 
the "{Ru(acac) (arene) (acetone) }BF 4
11 species ( 1 mol) in acetone 
produces a complex of the form {Ru(acac) (n-arene) l }BF 4 (where 
l - DMSO, py, PPh 3 , CH 3CN) (Scheme 4.3). These complexes are 
1:1 electrolytes in nitromethane. 
{RuC12 (arene)} 2 
Na (acac) 
or 
Tl (acac) 
Rue 1 ( acac) ( arene) 
Pg.BF 4 
acetone 
Ru(acac) 2 (arene) 
.. , ,· LRu(acac) (arene)} (BF 4 ) . . n n 
" {Ru(acac) (arene) (acetone)}BF4" 
l 
{Ru (acac) (arene) l} BF 4 • 
(Scheme 4.3) 
The infrared spectra of these complexes contain 
the characteristic bands of a chelating enolate acetylacetonate 
ligand (Table 4.1). In addition the spectra of the acetonitrile 
comp lex es, {Ru (acac) (arene) (MeCN) }BF 4 , contain two weak bands at 
-1 -1 2318 cm and 2295 cm . Two bands, assignable to an 
acetonitrile ligand and with similar relative intensities 
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-1 . 
are often found ca 2300 cm in acetonitrile complexes 
b d d t th t 1 . th ·t t 70 one o e me a via e ni rogen a om. The hioher 
energy band has been assigned as a methyl group vibrational 
combination band, and the other band has been assigned to the 
115 
:J (C::N) mode. 
The solid state infrared spectra of the 
dimethylsulphoxide complexes {Ru(acac) (arene)DMS0}BF 4 
contain a band ca 1120 cm-l which is assignable to thev(S=O) 
mode of a DMSO complex bonded to the metal via the sulphur 
74 -1 
atom. The region 950-1100 cm is dominated by the v(B-F) 
modes of the tetra£ 1 uorobora te anion. In order to examine 
this region, the hexafluorophosphate salt of the cation 
{Ru (acac) (C6H6) DMSO} + was prepared by reacting RuCl (acac) (c6 H6) with 
equimolar amounts of silver hexafluorophosphate and 
dimethylsulphoxide in acetone. The infrared spectrum of a 
Nujol mull of the solid shows no strong band in the 900-1000 
-1 
cm region, assignable to the v(S=O) mode of an 0-bonded 
DMSO ligand. 
1 The H N.M.R. spectra of these DMSO complexes in 
dichloromethane contain the methyl resonances of DMSO at ca 
2.68 close to the position (2.538) of these protons in the 
uncoordinated ligand. Although a number of reports in the 
literature75 suggest that such a position is characteristic 
for an 0-bonded DMSO ligand, an exchange process is responsible 
for the chemical shift position discussed above. 
The 1 H N. M.R. spectrum of {Ru(acac)(C6H6)[(CH3) 2SO]}PF6 
(1 mol) and three moles of DMSO in CD 2c1 2 contains only one 
resonance for the DMSO methyl groups suggesting that rapid 
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equilibration of free and coordinated DMSO is occurring. 
Addition of six moles of d 6-DMS0 to 
rapid work-up to e xtract the resultant complex r evea ls t ha t 
h f DMSO h d The 1H NM R t f exc ange o as occurre . . .. spec rum o 
this product in co 2c1 2 shows the presence of approximatel y 
one-sixth of the residual protons of the DMSO methyl groups. 
An inf rared spectrum of {Ru (acac) (C6HJ [ (CH3) 2soj }PF 6 in 
-1 co 2c1 2 contains a band at 1112 cm assignable to the 
-1 
sulphur-bonded DMSO ligand and a strong band at 1055 cm 
assignable to an uncoordinated DMSO ligand. 75 a Strong bands 
-1 
also occur in the region~ 1000 cm assignable to the T(CH) 
mode of the methyl groups of DMSo. 75 
6 Carbon monoxide complexes {Ru(acac) (n -arene)CO}BF 4 
{where arene = mesitylene, hexamethylbenzene) are prepared 
by bubbling carbon monoxide into the corresponding solvated 
acetone complexes " {Ru(acac) (arene) (acetone) }BF 4
11
• Both complexes 
have been characterised by infrared and 1H N.M.R. spectroscopy 
and elemental microanalyses. The mesitylene complex is 
unstable in chloroform and decomposes within a few hours. 
It is unstable as a solid in air, decomposing over a period 
of weeks. 
Under the same preparative conditions carbon 
monoxide readily displaces the coordinated benzene from 
acetone to yield a brown oil. Attempts to obtain crystalline 
material from this oil were largely unsuccessful . Trac e 
amounts of a red solid were isolated but were not fully 
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characterised. The infrared spectrum contains a medium 
intensity band at 2080 cm-land a very broad strong band ca 
1900 cm- 1 . 
Pale yellow crystals are formed by the addition of 
ether to an acetonitrile solution of the brown oil. Elemental 
microanalyses of this product are consistent with the 
formulation {Ru(acac) (MeCN) 3co}BF 4 . The 1tt N.M.R. spectrum contains 
two singlet resonances ca 2.58 (9H) qssigned to the methyl 
protons of the acetonitrile ligands. The spectrum also 
contains resonances from the methyl and methine protons of 
the acetylacetonate ligand. The infrared spectrum of the 
solid contains the characteristic bands of a chelating 
0-bonded acetylacetonate ligand and also two weak bands at 
2311 cm-land 2300 cm-l associated with the acetonitrile 
ligands. 115 A strong band at 1982 cm-l is assigned to a 
V( CO) mode. 
Attempts to prepare ethylene analogues of the 
carbon monoxide complexes were unsuccessful. Although 
ethylene appeared to displace the coordinated acetone, the 
yellow solids formulated as {Ru(acac) (arene)} (BF4) were the n n 
only isolable products. 
4.5 Discussion 
The change in the bonding arrangement of the 
monodentate acac ligand in the Ru(acac) 2 (arene) complexes, 
from a metal-y-carbon bond in the benzene complex to a metal-
oxygen bond in the mesitylene and hexamethylbenzene analogues, 
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is an unexpected result for which there is no simple or 
obvious explanation. 
-Steric factors may well be operating in these 
Ru(acac) 2 (arene) complexes (see Fig 4 .15) but as the isoelec-
tronic pentamethylcyclopentadienyl rhodium and iridium 
complexes, 
,~ 
C-H 
1-1 'i+' H 
_:_' ,.H 
Fig 4.15 
Rh(acac) 2 (n5-c5Me5) and Ir(acac) 2 (n5-c5Me5), contain the same arrangement 
of acetylacetonate ligands as Ru(acac) 2 (n
6
-c6H6) this seems 
unlikely. That is, presumably the steric crowding in the 
rhodium and iridium complexes is as great, if not more so, 
than in Ru(acac) 2 (mes). 
This result may also be explained by an antisymbiotic 
effect in which the coordination of a soft base to an already 
soft acid lowers the affinity of the site trans to the soft 
base for another soft base. 72 Antisymbiosis arises because 
two mutually trans soft ligands compete with each other for 
the same metal orbitals. If one assumes that methyl-substi-
tuted benzenes are 'softer' · (more electron donatinal ligands 
than benzene then it is reasonable to assume the 
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methyl-substituted arenes will destabilize metal-carb on 
relative to metal-oxygen bonding of acac ligands. 
A greater understanding of the effects governin g 
the bonding arrangement of the acetylacetonate ligands in 
Ru(acac) 2 (arene) complexes would perhaps come from an investi-
gation of the bonding arrangement of the acac ligands with 
less highly methyl - substituted arenes, such as toluene, 
present . Also it would be interesting to see if such effects 
occur in the as yet unknown Os (acac) 2 (arene) complexes. 
Table 4.l 
Infrared Spectral Data of the areneruthenium S-diketonate complexes 
Ruel (acac) (C6H6 ) 
RuCl (acac) (mes) 
RuCl(acac) (hmb) 
[Ru(acac) (C6H6 )DMS0]BF 4 
[Ru(acac) (mes)DMS0]BF 4 
[Ru(acac)hmb)DMS0]BF 4 
[Ru (acac) (C 6H6 ) MeCN)] BF 4 
[Ru (acac) (C 6Me 6 ) (MeCN)] BF 4 
[Ru (acac) (MeCN) 3co] BF 4 
Ru(acac) 2 (c 6H6 ) 
Ru(acac) 2 (mes) 
Ru(acac) 2 (hmb) 
[Ru(acac) (mes)CO]BF 4 
[Ru(acac) (hmb)CO]BF 4 
v (CO) 
s 
15 7 2 (vs) 
1583(vs) 
1584 (vw) 
1555(vs) 
1565 (vs) 
1562 (vs) 
1569 (vs) 
1569 (vs) 
1570(vs) 
1574(vs) 
1672(vs) 
1579(vs) 
1616 (m) 
1582(vs) 
1613 (m) 
1580 (vs) 
1566(vs) 
v ( CC) 
a 
1525(vs) 
1516(vs) 
1513(vs) 
1519(vs) 
1523(vs) 
1520(vs) 
1514(vs) 
1518(vs) 
1517 (vs) 
1520(vs) 
1623(m) 
1525 (vs) 
1500(vs) 
1519(vs) 
1489 (vs) 
1519(vs) 
1522 (vs) 
cm-1 
vs, ( CC) v(RuCl) Other 
1275 (m) 298(mw) 
127l(m) 283(mw) 
1270(m) 2 90 (mw) 
1279(m) 112 4 ( s) , v ( S =O) 
1280(m) 112 3 ( s ) , V ( S =0) 
12 80 (m) 112 4 ( s) , V ( S =0) 
1272(m) 2 2 9 5 , v ( CN) 
1270(m) 2290, v(CN) 
1269(m) 1980 (vs) , v (CO) 
2 3 0 0 ( vw) , V ( CN ) 
1274 (m) 
1274(m) 
1271(m) 
1282(m) 2045 (vs), v (CO) 
1278(m) 2026 (vs) , v (CO) 
H 
Vl 
-:J 
• 
Ru Cl (hfacac) (C 6H6 ) * 
RuCl(hfacac) (mes) * 
RuCl(hfacac) (hmb) * 
[Ru (acac) (C6H6)] n (BF 4) n 
[Ru (acac) (mes)] (BF 4) * n n 
Table 4.~ {contd) 
v ( CO) 
1628(s) 
1629(vs) 
16 2 4 (vs) 
1620 (vs) 
1620(vs) 
\) (cc) 
a 
1605(m) 
1584(m) 
1574(m) 
v ._ (CC) v (RuCl) 
1558(s) 274 
1554(vs) 288 
1547(s) 283 
* Assignment of S-diketonate stretching modes is made arbitrarily 
Other 
H 
V1 
CD 
' 
Complex 
Ruel ( acac) ( c6H6 ) 
Ru Cl ( acac) (mes) 
Ru Cl ( acac) (hmb) 
Ruel (hfacac) (C 6H6 ) 
RuCl (hfacac) (mes) 
RuCl (hfacac) (hmb) 
[Ru(acac) (C 6H6 )PPh 3 ]BF 4 
[Ru (acac) (mes) PPh 3 J BF 4 
[Ru(acac) (hmb) PPh3 ]BF 4 
[ Ru ( acac) ( c6H6 ) DMSO] BF 4 
b 
[Ru(acac) (mes)DMS0JBF 4 
[Ru(acac) (hmb)DMS0]BF 4 
[Ru(acac) (mes)CO]BF 4 
[Ru(acac) (hmb)CO]BF 4 
[Ru (acac) (C 6H6 ) (MeCN)] BF 4 
b 
[Ru(acac) (hmb) (MeCN)]BF 4 
[Ru(acac) (C 6H6 )py]BF 4 
Table 4.2 
1H N.M.R. Spectral Data of Areneruthenium S-diketonate complexesa 
Arene Resonances 
CMe CH 
5.61(s,6H) 
2.12(s,9H) 4.84(s,3H) 
l.97(s,18H) 
5.77(s,6H) 
2.10(s,9H) 5.ll(s,3H) 
2.06(s,18H) 
5.59(s,6H) 
1.84 (s,9H) 4.91(s,6H) 
l.73(s,18H) 
5.77(s,6H) 
2.06(s,9H) 4.98(s,3H) 
2.0l(s,18H) 
2.23(s,9H) 5.63(s,3H) 
2.16(s,18H) 
5.80(s,6H) 
2.05(s,18H) 
5.75(s,6H) 
S-diketonate Resonances Other Resonances 
CMe CH 
l.97(s,6H) 5.16(s,1H) 
l.98(s,6H) 5.15(s,1H) 
1.92 (s,6H) 4. 9 4 ( s, lH) 
5.85 (s,lH) 
5.85(s,1H) 
5.79(s,1H) 
l.66(s,6H) 4.71(s,1H) 7.45(m,15H) PPh 3 
l.67(s,6H) 4.7l(s,1H) 7.42(m,15H) PPh 3 
1. 7 3 ( s, 6H) 4 . 6 0 ( s, lH) 7.39(m,15H) PPh 3 
,1 • 0 4 ( s , 6H) 5. 2 8 ( s, lH) 2.66(s,6H) Me 2so 
2.10(s,6H) 5. 2 7 ( s, lH) 2 . 6 4 ( s, 6H) Me 2so 
2. 0 4 ( s, 6H) 5.27(s,1H) 2.57(s,6H) Me 2so 
2.03(s,6H) 5. 4 2 ( s, lH) 
2.04(s,6H) 5.4l(s.1H) 
2.00(s,6H) 5.2l(s,1H) 2.32(s,3H) MeCN 
2.0l(s,6H) 5.13(s,1H) 2 . 4 2 ( s, 3H) MeCN 
l.92(s,6H) 4. 9 6 ( s, lH) 7.44(m.2H); 7.84(ro,lH 
8.47(m,2H) 
H 
\.n 
'° • 
Complex 
[Ru (acac) (mes) py] BF 4 
[Ru(acac) (hmb)py]BF 4 
[Ru(acac) (MeCN) 3CO]BF 4 
b Ru(acac) 2 (c 6H6 ) 
b Ru(acac) 2 (mes) 
b Ru(acac) 2 (hmb) 
C 
Table 4.2 (contd) 
Arene Resonances 
CMe CH 
l.95(s,9H) 5.0l(s,3H) 
B-diketonate Resonances 
CMe CH 
l.93(s,6H) 4. 9 6 ( s, lH) 
1. 9 6 ( s, 18H) 1. 9 6 ( s, 6H) 4 • 9 0 ( s, lH) 
5.26(s,6H) 
4.71(s,6H) 
2.08 s,9H) 4.77(s,3H) 
l.96(s,18H) 
2.00(s,6H) 
l.83(s,6H) 
l.98(s,6H) 
l.77(s,6H) 
2.06(s,6H) 
l.89(s,6H) 
l.9l(s,3H) 
2.17(s,3H) 
1. 8 9 ( s, 6H) 
1. 8 4 ( s, 3H) 
2.14(s,3H) 
5.36(s,1H) 
5. 6 0 ( s, lH) 
3.12(s,1H) 
5. 0 4 ( s, lH) 
3. 3 5 ( s, lH) 
5. 4 3 ( s, lH) 
4. 9 7 ( s, lH) 
5.14(s,1H) 
4 • 9 4 ( s, lH) 
Other Resonances 
7 . 4 9 ( m, 2H) ; 7. 8 7 ~' 1H 
8.SO(m,2H) 
7 • 5 2 ( m , 2 H ) ; 7 • 8 8 (m, 1H 
8.14(m,2H) 
2 • 51 ( s , 3H) ; 
2 • 5 4 ( s , 6 H) , Me CN 
a Chemical shifts are reported in ppm(o) downfield from TMS in CDC1 3 unless otherwise stated 
b In CD 2c1 2 
c In c6n6 
H 
m 
0 
• 
~ 
TABLE 4.3 
E l emental and Mass Spe ctral Data for the Arene Ruthenium ~-Dik e tonate Compl e x e s 
Complex 
Rue l (acac ) (C 6 H6 ) 
RuCl (acac) (mes) 
RuCl (acac) (hmb) 
Ru (acac ) z (hmb) 
Ru (acac) z (mes) 
RuCl(hfacac) (C 6H6 ) 
RuCl(hfacae ) (mes) 
RuCl(hfacac ) (hmb) 
{Ru(acac) (C6H6 ) (MeCN) }BF4 
{Ru (acac) (hmb) (MeCN) }BF4 
{Ru (acac) (mes )CO}BF4 
{Ru (acac ) (hmb)CO}BF 4 
{Ru (acac ) (C6 H6 )PPh 3 }BF4 
{Ru (acac) (mes )PPh 3 }BF4 
C 
obs. (calc.) 
42.15(41.97) 
47.57(47.22) 
51.25 (51.31) 
56.46(57.25) 
53.14(54.40) 
31.57(31.33) 
35 .46(36.26) 
40.20(40.36) 
38.17(38.44) 
46.80(46.54) 
41.37 (41.40) 
45 .18(45.30) 
55 . 95 (55. 52) 
58.95 (59.08) 
H 
obs. (calc.) 
4.42(4.48) 
5.59(5.66) 
6.33(6.33) 
7.23(6.99) 
6.22(6.27) 
1.70(1.67) 
3.10(2.83) 
4.09(3.79) 
4.20(3.97) 
5.87(5.76) 
4.21(4.40) 
5.27(5.28) 
4.87(4.50) 
5.71(5.67) 
Cl 
obs.(calc.) 
12.02(11.26) 
9.76(9.93) 
8.70(8.91) 
8. 73 (8.41) 
8.07(7.64) 
7 .25 (7 .01) 
Other 
obs. (calc.) 
2 5 • 3 9 ( 2 5 • 4 0) , Ru 
21. 8 3 ( 21. 9 0) , Ru 
2.96(3.45) , N 
2.81(2.86) , N 
+ {PM} (a .m. u ) 
H 
O'\ 
H 
• 
{Ru(acac) (hmb)PPh3 BF4 58.95(59.08) 
{Ru(acac) (C 6 H6 )DMSO}BF4 34.92(35.23) 
{Ru(acac) (mes)DMSO}BF4 39.07(39.60) 
{Ru(acac) (hrnb)DMSO}BF4 43.44(43.28) 
{Ru(acac) (C 6H6 )py}BF4 43.32(43.27) 
{Ru (acac) (hmb)py} BF 4 49.84(50.02) 
{Ru (acac) (mes)p y} BF4 46.70(46.94) 
{Ru(acac) (MeCN) 3CO}BF4 32.89(37.72) 
{Ru (acac) (C 6 H6 )} (BF4) n n 36.18(36.38) 
{Ru(acac) (mes)'} (BF4) n n 41.29(42.47) 
5.71(5.67) 
4.26(4.32) 
5.35(5.19) 
5.88(5.93) 
4.20(4.09) 
5.89(5.72) 
5 .10 ( 4. 98) 
3.68(4.05) 
3.58(4.83) 
4.76(5.04) 
7.04(7.24) , S 
6.28(6.61) , S 
5.68(6.08) , S 
3.04(3.15) , N 
2.49(2.65) , N 
2.89(2.88) , N 
9.59(9.38) , N 
H 
O'\ 
[\) 
t 
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EXPERIMENTAL 
Tl(acac)· and Tl(hfacac) were prepared from the reaction 
of the appropriate S-diketone with thallium carbonate. 
Sodium acetylacetonate is formed in an analogous manner from 
sodium carbonate and acetylacetone.· 
Preparation of RuCl (acac) (arene) complexes 
(a) {RuC12 (c6H6)} 2 (200mg) and Tl(acac) (244mg) were stirred in 
dichloromethane (15 ml) for 2h. The solution was then fil-
tered and ether added to the filtrate. On cooling the solu-
tion orange crystals were formed. The product was washed with 
ether and dried in vacuo ( 165mg, 66%) . 
Similarly prepared from Tl(acac) and the appropriate 
dichloro dimer {Ruc12 (arene)} 2 were: 
Rue 1 ( acac) (mes) (2h, 81%) 
Ru C 1 ( a ca c ) ( hmb) (lOmin, 82%) 
(b) {Ruc12 (C6H6) }2 (200mg) and acetylacetone ( 0. 3ml) with excess 
Na 2co3 (lg) were stirred in DMF (5ml) for 10 minutes at 100°c. 
The solution was then filtered, methanol was added to the 
filtrate and the solution was cooled. The orange crystals 
which formed were washed with ether and dried in vacuo to 
give 65mg (26%) of product. 
Similarly prepared from the appropriate {Ruc12 (arene) }2 
complex were: 
RuCl (acac) (mes) 
RuCl (acac) (hmb) 
(10 min, 63%) 
(2 min, 29 %) 
(c) {Ruc12 (c6H6)} 2 (200mg) and sodium acetylacetonate (99mg) 
were stirred in dichloromethane/methanol (1:1, 15ml) for 2h 
I64. 
at room temperature. The solution was then evaporated to 
dryness, dichloromethane was added and the resultant solution 
was filtered. Ether was added to the filtrate and the 
solution cooled. Orange crystals formed which were filtered 
and washed with ether. (150mg, 60%) 
Similarly prepared from the appropriate 
{Ruc1 2 (arene)} 2 and Na(acac) were: 
RuCl(acac) (mes) (2h, 60%) 
Ru C 1 ( a ca c ) ( hmb ) ( 15 min , 8 5 % ) 
Preparation of RuCl(hfacac) (arene) complexes 
Tl(hfacac) (197mg) was dissolved in dichloromethane (20ml) 
and the solution was kept at o0 c. To this was added 
{RuC1 2 (c 6H6 ). ~ (200ml) and the suspension was stirred for 
1 minute. The solution was then filtered through a filter 
with an ice-jacket surround. Ether was .then added to the 
solution and a crystalline orange solid was isolated and 
washed with ether (135mg, 67%). 
RuCl (hfacac) (mes) was similarly prepared from 
{Ruc1 2 (mes)} 2 and Tl(hfacac). 
{Ruc1 2 (hmb)} 2 (150mg) was dissolved in dichloro-
methane (15ml) at room temperature and to this was added 
Tl~facac) (185mg). The solution was stirred for 1 minute 
and then filtered. The volume of the filtrate was reduced 
and ether added. A red crystalline solid was isolated and 
washed with ether (143mg, 63%). 
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Preparation of Ru(acac) 2 (arene) complexes 
I 
RuCl(acac) (C 6H6 ) (200mg) and Tl(acac) (190mg) were stirred 
at -20°c in methanol for 2 h. The solution was then 
evaporated to dryness and the product was extracted with 
ether and filtered, maintaining the temperature below o0 c. 
The filtrate was reduced in volume to give a microcrystalline 
red solid (120mg, 51%). The solid darkened on warming to 
room temperature. 
Similarly prepared from Tl(acac) and the approp-
riate RuCl (acac) (arene) complex were: 
Ru(acac) 2 (mes) - yellow crystals (Yield 40%) 
Ru(acac) 2 (hmb) - yellow crystals (Yield 60%) 
Preparation of {Ru (acac) (arene) L }BF 4 complexes 
- where l = PPh DMSO, py, MeCN 3, 
RuCl (acac) (arene) and AgBF 4 were stirred in a 1: 1 molar 
ratio in acetone at room temperature for 5 minutes. The 
solution was then filtered and to the filtrate was added 
1 mole equivalent of ligand L 7 relative to RuCl(acac) (arene) 1 
and the solution was stirred for lh. The volume was then 
reduced and ether added . Yellow microcrystalline solids 
were isolated and recrystallized from dichloromethane-ether. 
(Yields 40-80%). 
Preparation of {Ru (acac) (arene) CO}BF 4 complexes 
To AgBF 4 (55mg) in acetone (15ml) presaturated with carbon 
monoxide was added RuCl(acac) (mes) (100mg) and then the 
solution was stirred with carbon monoxide bubbling into it 
for 5 minutes. The solution was then filtered, reduced in 
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volume and ether added. A yellow microcrystalline solid 
was isolated and washed with ether (50mg, 41 %). 
A similar procedure was used for the preparation 
of { Ru (acac) (hmb) CO}BF 4 from RuCl (acac) (hmb) • However on filtra-
tion the acetone solution was evaporated off leaving an oil 
which was dissolved in dichloromethane and ether added. 
Isolated microcrystalline pale yellow solid (45%). 
Preparation of {Ru (acac) (arene)} (BF4) n n 
To Ag.BF 4 ( 6 4mg) in acetone ( 15ml) was added 
RuCl (acac) (C 6H6 ) (100 mg) and the solution was stirred for 
15 minutes and then filtered. The filtrate was then reduced 
in volume and ether was added. A pale yellow powdery solid 
was isolated and washed with ether (30mg, 26%). 
Similarly prepared from RuCl (acac) (mes) and AgBF 4 
was {Ru(acac) (mes)} (BF 4 ) (31%) n n 
Preparation of {Ru ( acac) (MeCN) 3co}BF 4 
Carbon monoxide was bubbled into a solution of 
{Ru(acac) (C 6H6 ) (MeCN) }BF 4 (100mg) in acetone (15ml) for 5 
minutes. The solution was then filtered and the filtrate 
evaporated to leave a brown oil. The oil was then dissolved 
in acetonitrile, the solution filtered, and ether added. A 
pale yellow crystalline solid precipitated out of solution 
and this product was washed with ether (20mg, 18%). 
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APPENDIX 
Spectroscopic Evidence for the Stereospecificity of 
Nucleophilic Addition to Coordinated Aromatic Ligands 
The suggestion that spectroscopic evidence may 
distinguish between exo and endo addition to coordinated 
aromatic ligands was first made in 1959 19 . A relatively 
-1 intense infrared absorption at about 2800 cm was observed 
in the spectrum of the cyclopentadiene complex 
CD(n 5-c5H5 ) (n
4
-c5H6). Typically the v(C-H) mode does not 
-1 
occur below 2850 cm for organic compounds. 
The reaction of alkan~de nucleophiles with 
{Co(n 5-c5B5 ) 2 }cl produced substituted cyclopentadiene 
complexes Co(n 5-c5H5 ) (n
4
-c5 - H5 R) which contained no .-v(C-H) 
bands below 2850 cm- 1 . As nucleophilic attack was 
assumed to occur endo to the metal, the low energy -v (C-H) 
5 4 band in C- ( n -C5H5 ) ( n -C5H6 ) was assumed to result from 
the -v(C-H endo) mode. 
Subsequently an x-ray crystal structure determination 
5 4 
was performed on Co(n -c5H5 ) (_n -c5H5Ph) which showed that 
the substituent had attacked exo to the metal. As a 
result of this structure 'and that performed on the 
5 5 17 hexamethyl-n -cyclohexadienyl complex Re(n -c6Me 6H) (CO) 3 
the low energy band has been assigned as (.-v C-H exo). The 
5 . 
complex, Re(n -c6Me 6H) (C0) 3 , which was formed by 
hydride addition to {Re ( n 6-c6Me 6 ) ( CO) 3} +, contains a ·: 
-V(C-H) band at 2790 cm-l 
. Recently, it has been proposed that reason for this 
20 low energy C-H stretch is coupling Un coordi nat ed 
I68. 
cycloheptatriene is given as an example where the two 
equivalent methylene carbon hydrogen stretches are sp1it 
into symmetrical and antisymmetrical modes at 2849 
and 2967 cm- 1 • 
However this explanation does not adequately explain 
the existence of the low energy band in the infrared 
spectrum of ReM 5-c6Me 6HXCO) 3 where a substituent is 
present endo to the metal. 
X-ray crystal structure determinations of the 
substituted cyclopentadiene complexes Re(n 5 -c5B5 ) (CB 3 ) 2 (n
4
-c5H5Me) 
21 
5 4 16 . 
and Co(n -C5H5 ) (n -c5B5Ph) show that both contain the 
substituent exo to the metal. Both complexes contain no 
v(C-H) band below 2850 cm-l in their infrared spectra. 
14 
Table A. l 
Infrared C-H stretching bands of cyclohexadienyl. and 
cyclopentadiene complexes 
Co(C5H5 ) (C5H6 ) 
Rh ( C5H5 ) ( c5H6 ) 
Ir(C5H5 ) (C5H6 ) 
Fe (C5H5 ) (C6H7 ) 
Ru(C 6H7 ) 2 
Mn(C 6H7 ) (C0) 3 
Re ( C 6 H 7 ) ( C 6 H 6 ) 
V(C 6H7 ) (CO) 4 
Fe(C0) 3 (c5B6 ) 
{ Ir ( C 5 Me 5 ) ( C 6 H 7 ) } + 
(C-H) 
2742 
2 744 
2 762 
2 770 
2 772 
2 830 
2750 
2822 
2 790 
2 82 8 
-1 
cm Reference 
22 
13a 
.J 
169. 
Another spectroscopic aid to the characterisation 
of the direction of nucleophilic attack is 1H N.M.R. 
14 
spectroscopy. If a methyl substituent is present in either 
the exo or endo position then the absolute chemical shift of 
the methyl protons may provide identification. All exo-methyl 
cyclohexadienyl and cyclopentadiene ligands found in the 
literature show their methyl resonance to higher field · than 
1 ppm. Complexes containing endo methyl substituents contain 
this resonance to lower field than 1 ppm (Table A.2). The 
distinction is particularly clear in the case of isomers 
containing endo- or exo- methyl substituents. For example 
the 1H N.M.R. specra of the isomeric hexamethylcyclohexadienyl 
complex cations [Ii(n 5-c5Me 5 ) (n
5
-c6Me 6H)]+ contain the exo-
and endo- methyl proton resonances at 0.488 and 1.088 
13· 
respectively. a 
The exo- and endo- protons cannot however be 
identified on the basis of their relative chemical shifts. In 
this case the best evidence is provided by the relative coupling 
constants of the exo and endo protons to the vicinal protons. 
From Fig.A.lit can be seen that as the methylene group is 
bent up away from the metal (which is observed in all x-ray 
structures of metal cyclohexadienyl complexes) 26 the angle 
between the vicinal protons and the endo proton becomes small 
whereas the exo proton becomes nearly perpendicular to the 
plane of the vicinal protons. 
170. 
22 Table A.2 
N.M.R. resonances (CH 3-exo, CH 3-endo) of 
6-methylcyclohexadienyl and 5-methylcyclopentadiene 
ligands. 
c5 exo c5 endo reference 
Fe(C5H5Me) (C 6Me 6 ) -0.05 
Co (C 5H5 ) (C 5H5Me) 0.23 
Mn(C 6H6Me) (C0) 3 0.40 
Fe (C 5H5 ) (C 6H6Me) -0.13 
Fe(C5H5 ) (C 6Me 6H) -0.20 
Fe (C5H5) (C6Me6H) 1.17 
[Fe (C 6Me 7 ) (CO) 3 J 0.66 1.45 23 
Rh(C 5Me 5 ) (C 6Me 6H) 1.07 13a 
Ir (C 5Me 5 ) (C6Me 6H) 0.48 13a 
Ir (C 5Me 5 ) (C 6Me 6H) 1.08 13a 
Cr (C 6Me 6H) (CO) [P (OPh) 3 J (NO) 1.48 24 
Mn(C6Me 6H) (C0) 3 1.25 25 
Mn(C 6Me 6 Ph) (C0) 3 1.50 25 
Mn(C 6Me 6H) (CO) 3 0.35 25 
H exo 
-----
-
Fig A.l 
l 
M 
171. 
h K 1 1 . h. 27 . . b From t e arp us re ations ip it is reasona le 
to assume that the endo proton will be more strongly coupled 
than the exo proton, to the vicinal protons. 
I72. 
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